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Abstract 
Work in the area of molecule-based magnetic and/or conducting materials is presented in two 
projects. The first project describes the use of 4,4’-bipyridine as a scaffold for the preparation of 
a new family of tetracarboxamide ligands. Four new ligands I-III have been prepared and 
characterized and the coordination chemistry of these ligands is presented.  
 
 
 
This project was then extended to exploit 4,4’-bipyridine as a covalent linker between two N3O2 
macrocyles. In this respect, three dimeric macrocycles have been prepared IV-VI. Substitution of 
the labile axial ligands of the Co(II) complex IV by [Fe(CN)6]4- afforded the self-assembly of the 
1-D polymeric chain {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O that has been structurally and 
magnetically characterized. Magnetic studies on the Fe(II) complexes V and VI  indicate that 
they undergo incomplete spin crossover transitions in the solid state. Strategies for the 
preparation of chiral spin crossover N3O2 macrocycles are discussed and the synthesis of the 
novel chiral Fe(II) macrocyclic complex VII is reported. Magnetic susceptibility and Mössbauer 
studies reveal that this complex undergoes a gradual spin crossover in the solid state with no 
thermal hysteresis. Variable temperature X-ray diffraction studies on single crystals of VII 
reveal interesting structural changes in the coordination geometry of the macrocycle 
accompanying its SCO transition. The second project reports the synthesis and characterization 
of a new family of tetrathiafulvalene derivatives VIII – XII, where a heterocyclic chelating 
ligand is appended to a TTF donor via an imine linker.  
 
 
The coordination chemistries of these ligands with M(hfac)2.H2O (M( = Co, Ni, Mn, Cu) have 
been explored and the structural and magnetic properties of these complexes are described. 
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IV M = Co(II); X = H2O, Cl, R = H
V M = Fe(II); X = CN, R = Ph
VI M = Fe(II); X = CN, R = PhCH2OCH2
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VIII, R = 2-pyridyl
IX, R = 4- pyridyl
X R = 2-aminothiazole
XI R = 2-aminothiadiazole
HN
N
N
S
S
S
S N
S
S
S
SN
XII
II 
 
Acknowledgments 
 
    I would like to thank God Almighty for seeing me through with my studies. Secondly, I would 
give immense gratitude to my supervisor Prof M. Pilkington for her guidance and patience 
during the entire time of my Ph.D studies and especially for proof-reading my thesis. I would 
also like to thank Dr. P. Poddutoori for his mentorship during my early years in the lab and also 
for his help with EPR experiments. I want to state my appreciation to all the members of the 
Pilkington lab past and present for all their support, discussions and encouragement during all 
my time in the lab. My gratitude goes to Dr Q. Wang for his advice on carrying out some of my 
experiments. Thank you Emma for helping proof read my thesis. Gracias to my Spanish friend 
Gumbau-Brisa for being the only one who appreciated the value of ‘’calimocho’’, Shari Denneri 
and ‘’monsieur Nick’’ for adding a Canadian flare to the lab and Niloo for her suggestions and 
encouragements. I also want to thank all my friends in other labs and departments especially 
Kseniya, Tori, Nick Mccloud, Dimos, Dimitrios, thank you guys for being such a wonderful 
people. I am appreciative to my supervisory committee past and present, Prof. G. Nikonov, Prof. T. 
Stamatatos and Prof. S. Rothstein for their helpful suggestions. I would especially like to 
acknowledge Prof. M. T. Lemaire for his assistance with my low temp. UV-Vis measurements. I am 
also indebted to Prof. J. Rawson at University of Windsor for his help with EPR measurements 
and for modeling my magnetic data. Many thanks to Prof. M. Muregusu at Ottawa University for 
his help with some of my SQUID measurements. I also extend gratitude to Jory in the physics 
department for his help with SQUID measurements at Brock, and to Sam Mula for assisting me with 
EPR experiments. And finally my gratitude to Tim Jones for numerous mass spectroscopy and 
Razvan Simionescu for NMR experiments.  
 
III 
 
                                                        Table of Contents 
 
Abstract…………………………………………………………………………………….……..I 
Acknowledgments……..………………………………………………………………….……..II 
List of Figures…………………………………………...……………......................................VIII 
List of Tables……………………………………………..…….................................................XX 
List of Schemes………………………………………….........................................................XXII 
List of Abbreviations……..…………….................................................................................XXIV 
List of Compounds………………  ………………………………………………………...XXVII 
 
 CHAPTER 1 – Introduction                                                                                                
1. Introduction to Magnetism ......................................................................................................1 
1.1 Traditional versus Molecule-based Magnets.......................................................................1 
1.2 Magnetic behaviour ...........................................................................................................2 
     1.3 Paramagnetic, ferromagnetic and antiferromagnetic behaviour. .........................................2 
1.4. Designing molecule-based magnets...................................................................................8 
1.4.1 Magnetism in cyanometallate complexes. ....................................................................8 
1.4.2 Single Molecule Magnets (SMMs) and Single Chain Magnets (SCMs) ..................... 10 
1.4.3 Magnetism in spin crossover compounds. .................................................................. 14 
1.4.4 The N3O2 family of macrocycles ............................................................................... 24 
1.5 Designing dual property molecular materials ................................................................... 35 
1.5.1 Interplay of magnetism and chirality.......................................................................... 36 
1.5.2 Interplay between chirality and spin crossover ........................................................... 41 
1.5.3 Interplay between magnetism and electrical conductivity .......................................... 45 
1.5.4 Oxidation of organic donor molecules ....................................................................... 48 
IV 
 
1.5.5 Tetrahedral anions as counter ions ............................................................................. 52 
1.5.6 Polyoxometalate (POM) counter ions ........................................................................ 54 
1.5.7 Oxalate anions as counter ions ................................................................................... 56 
1.5.8 Covalently linking the organic unit with an inorganic lattice ...................................... 59 
1.6 Recent developments ....................................................................................................... 67 
 
Chapter 2 - Results and Discussion : Ligand Design for Molecule-Based Magnets                                                                                                                
 ................................................................................................................................................. 88 
     2.1 Introduction ..................................................................................................................... 89 
2.2  Synthesis and characterisation of L1 ................................................................................ 95 
2.2.1 Preparation and Characterization of Coordination Complexes of Ligand L1 ......... 95 
2.2.2       Cobalt complex [Co2(L1)] 2.8 .............................................................................. 98 
2.2.3 Nickel complex [Ni(L1)] 2.9............................................................................... 102 
2.2.4 Manganese complex [Mn2(L1)] 2.10................................................................... 104 
2.2.5 Copper complex [Cu2(L1)] 2.11 .......................................................................... 107 
2.3  Synthesis and characterisation of ligand L2 ................................................................... 114 
2.4 Synthesis of ligand L3 .................................................................................................. 124 
2.4.1   Synthesis of [Co2(L3) (H2O)4] 2.15 ........................................................................ 125 
2.5 The preparation and characterisation of a new family of pentadentate N3O2 macrocycles.
 ............................................................................................................................................ 128 
2.5.1 Synthesis of [Co(N3O2)Cl(H2O)]2 2.20 .................................................................... 131 
2.5.2 Synthesis of chiral diamines 2.22 and 2.23 .............................................................. 139 
2.5.3 Synthesis of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32 .......................................................... 141 
2.5.4 Synthesis of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 ......................................... 145 
2.5.5 Synthesis of (CH3)2[Fe(N3O2)(CN)2]  2.38 ............................................................... 153 
V 
 
2.5.6 Synthesis and characterisation of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50. ......... 160 
 
Chapter 3 – Results and Discussion : Preparation and Study of a Family of Imine Bridged 
TTF Ligands.                                                                                                                                                                                                
 ............................................................................................................................................... 178 
3.1 Introduction ................................................................................................................. 180 
3.2 Synthesis and characterisation of a family of electroactive TTF-CN-pyr ligands .......... 181 
3.2.1 Preparation and characterization of TTF-CH=N-2Py (L4) ........................................ 183 
3.2.2 Preparation and characterization of TTF-CH=N-4Py (L5) ........................................ 185 
3.2.3 Preparation and characterization of TTF-CH=N-thiazole (L6) .................................. 189 
3.2.4 Preparation and characterization of TTF-CH=N-thiadiazole (L7) ............................. 189 
3.2.5 Preparation and Characterisation of (TTF-CH=N)2-triazole (L8) .............................. 190 
3.3    Coordination chemistry studies of ligands L4 to L7 with selected [M(II)(hfac)2] salts. .. 195 
3.3.1 Preparation and Characterization of [NiII(L4)(hfac)2] 3.4 ......................................... 195 
3.3.2 Preparation and Characterization of [CuII(L5)2(hfac)2] 3.5........................................ 200 
3.3.3 Preparation and Characterization of [MnII(L6)2(hfac)2] 3.6 ....................................... 206 
3.3.4 Preparation and Characterization of [CoII(L6)2(hfac)2] 3.7........................................ 212 
3.3.5 Preparation and Characterization of [NiII(L6)2(hfac)2] 3.7 ........................................ 216 
3.3.6 Preparation and Characterization of [CuII(L6)2(hfac)2] 3.8........................................ 220 
3.3.7 Preparation and Characterization of [CoII(L7)(hfac)2]·H2O 3.9 ................................. 222 
3.4    Oxidation of the TTF donors ....................................................................................... 225 
3.5    Conclusion and Future Work....................................................................................... 227 
 
Chapter 4 -Experimental section                                                                                                     
4.1  General Information .................................................................................................. 230 
4.2  Instrumentation ........................................................................................................... 230 
VI 
 
4.3 Experimental section for Chapter 2 ................................................................................ 233 
4.3.1 Synthesis of 2,2’,6,6’-tetramethyl-4,4’-bipyridine (2.5)  .......................................... 233 
4.3.2 Synthesis of 2,2’,6,6’-tetracarboxylic-4,4’-bipyridine (2.6)  ..................................... 234 
4.3.3 Synthesis of 2, 2’, 6, 6’-tetrachloroformyl-4,4’-bipyridine (2.7)  .............................. 235 
4.3.4 Synthesis of the 2,2’,6,6’-Tetraacetyl-4,4’-bipyridine (2.18) .................................... 235 
4.3.5 Synthesis of N2,N2’, N6, N6’-tetrakis(2-(pyridin-2-yl)ethyl)-4,4’-bipyridine-2,2’,6,6’-
tetracarboxamide (L1)....................................................................................................... 237 
4.3.6 General procedure for the synthesis of complexes [MII2(L1)] 2.8 – 2.11. .................. 238 
M = Cu2+, Co2+, Ni2+, Mn2+ .............................................................................................. 238 
4.4. Synthesis of N2,N2’,N6,N6’-tetra(thiazole-2-yl)-4,4’-bipyridine-2,2’,6,6’-
tetracarboxamide (L2) ......................................................................................................... 241 
4.4.1 Synthesis of [Co2(L2) (H2O)4]  2.12 ......................................................................... 242 
4.5. Synthesis of N2,N2',N6,N6'-tetra(pyridin-3-yl)-4,4'-bipyridine-2,2',6,6' -tetracarboxamide 
(L3) ...................................................................................................................................... 243 
4.5.1 Synthesis of [Co2(L3) (H2O)4] 2.15 .......................................................................... 244 
4.5.2 Preparation of {[Co(N3O2)]Cl·H2O}2·H2O  (2.20). ................................................... 245 
4.5.3 Synthesis of Dimethyl-2,3-O-isopropylidene-L-tartrate. (2.26) ................................ 246 
4.5.4 Synthesis of 2,3-Di-O-isopropylidene-L-threitol 2.27 .............................................. 246 
4.5.5 Synthesis of 1,4-Di-O-benzyl-2,3-O-isopropylidene-L-threitol  (2.28) ..................... 247 
4.5.6 Synthesis of S,S-1,4-Bis(benzyloxy)-2,3-butanediol (2.24) ...................................... 248 
4.5.7 Synthesis of 2,3-Di-O-allyl-1,4-di-O-benzyl-L-threitol (2.29A) ............................... 249 
4.5.8 Synthesis of (5R,6R)-5,6-diphenyl-4,7-dioxa-1,9-decadiene (2.29B) ....................... 250 
4.5.9 Synthesis of 2,3-Bis-O-(2-hydroxyethyl)-1,4-di-O-benzyl-L-threitol (2.30A) .......... 251 
4.5.10 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediol (2.30B) ......................................... 252 
4.5.11 Synthesis of 2,3-Bis-O-(2-phthalimidoethyl)-1,4-di-O-benzyl-L-threitol (2.31A) .. 253 
4.5.12 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediphthalimide (2.31B) ......................... 254 
VII 
 
4.5.13 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediamine (2.22) ..................................... 255 
4.5.14 Synthesis of 2,3-Bis-O-(2-aminoethyl)-1,4-di-O-benzyl-L-threitol (2.23) .............. 256 
4.5.15 Synthesis of R,R[Fe(N3O2)(CN)2]2·4.5CH2Cl2·5H2O (2.32) ................................... 257 
4.5.16 Synthesis of S,S [Fe(N3O2)(CN)2]2·4H2O  (2.33) ................................................... 258 
4.5.17 Synthesis of 2,3 bis(2-propen-1-yloxy)butane (2.40) ............................................. 259 
4.5.18 Synthesis of racemic 2-(2-(3-(2-(tetrahydro-2H-pyran-2-yloxy)ethoxy)butan-2-
yloxy)ethoxy)-tetrahydro-2H-pyran (2.44) ....................................................................... 260 
4.5.19 Synthesis of racemic 4,5-dimethyl-3,6-dioxa-1,8-octanediol (2.41)........................ 261 
4.5.20  Synthesis of the racemic 2,3-Bis-O-(2-phthalimidoethyl)-1,4-di-O-methyl-threitol 
(2.42) ............................................................................................................................... 261 
4.5.21 Synthesis of  2,3-bis-O-(2-aminoethyl)-1,4-di-O-methyl-threitol (2.38) ................. 262 
4.5.22 Synthesis of S,S [Fe(N3O2)(CN)2]·1.6H2O·0.6C4H8O  (2.50) ................................. 263 
4.6 Experimental section for Chapter 3 ................................................................................ 264 
4.6.1 Synthesis of TTF (3.1) ............................................................................................. 264 
4.6.2 Synthesis of formyl tetrathiafulvalene (3.2) ............................................................. 264 
4.6.3 General procedure for the preparation of TTF-ligands L4 to L9 ................................ 265 
4.6.4 General procedure for the preparation of [M(TTF-CN-X)(hfac)2] (M = CuII, NiII, CoII, 
MnII ) (X = heterocycle) (3.4 – 3.9) .................................................................................. 271 
 
Chapter 5- References ........................................................................................................ 277 
 
Chapter 6- Appendix……………………………………………………………………………… 326 
VIII 
 
List of Figures 
Figure 1.1. Different alignments of magnetic dipoles in a material: (a) paramagnetism, (b) 
ferromagnetism, (c) antiferromagnetism, and (d) ferrimagnetism………………………………..3 
Figure 1.2. χmT vs T plot for paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic 
interactions………………………………………………………………………………………..5 
Figure 1.3. Behaviour of electron spins in a domain in the presence and absence of an external 
magnetic field……………………………………………………………………………………..7 
Figure 1.4. 3-D- structural representation of an ideal Prussian blue analogue…………………...9 
Figure 1.5. Orbital interaction diagram for M’-CN-M in an octahedral coordination environment 
of the metal centre……………………………………………………………………………….10 
Figure 1.6. Plot of potential energy vs magnetization direction for an SMM with an S = 10 
ground state experiencing axial zero-field splitting……………………………………………...11 
Figure 1.7. ORTEP representation of the [Mn12O12(OAc)16(MeOH)4] cluster. Hydrogen atoms 
have been omitted for clarity…………………………………………………………………….12 
Figure 1.8. Molecular structure of the SCM [MnIII2(saltmen)2NiII(pao)2(py)2](ClO4)2…………14 
Figure 1.9. Two different spin states for octahedral Fe (II) and Fe (III) complexes……………15 
Figure 1.10. HS vs LS d-orbital electronic configuration for an Fe(II) d6 ion in an octahedral 
coordination geometry…………………………………………………………………………...16 
IX 
 
Figure 1.11. Illustration of the mechanism of the LIESST and reverse LIESST effects for an 
Fe(II) d6 complex. 1A1, 1TI, 1T2, refer to the LS states, 3T1 to the intermediate spin state, 5T2 and 
5E the HS states…………………………………………………………………………………..17 
Figure 1.12. 57Fe Mossbauer spectra recorded at 30 K before A and after B irradiation of a 
polycrystalline sample of [Fe(bpp)2](BF4)2 with green light. Irradiation of the sample of 
spectrum B with red light causes partial back-conversion to the stable LS state, the small peaks 
visible in Spectrum C…………………………………………………………………………….19 
Figure 1.13. The different spin transition curves undergone by SCO compounds, (a) gradual; (b) 
abrupt; (c) with hysteresis; (d) with steps; (e) incomplete. γHS signifies fraction of the high spin 
molecule………………………………………………………………………………………….21 
Figure 1.14. Examples of ligands that have been used in the preparation of Fe(II) SCO 
complexes………………………………………………………………………………………..22 
Figure 1.15. Molecular structures of [Fe(bipy)2(NCS)2] 1.5 [Fe(btz)2(NCS)2] 1.6  
[Fe(phen)2(NCS)2] 1.7 and [Fe(dpp)2(NCS)2] 1.8………………………………………………22 
Figure 1.16. mT vs T plots for [Fe(bipy)2(NCS)2] 1.5, [Fe(btz)2(NCS)2] 1.6, [Fe(phen)2(NCS)2]  
1.7 and [Fe(dpp)2(NCS)2] 1.8……………………………………………………………………23 
Figure 1.17. a) Structure of the N3O2 macrocyclic ligand 1.9 and b) the crystal structure of the 
hepta-coordinated [Mn(N3O2)(SCN)2]  complex 1.10…………………………………………...25 
Figure 1.18. (Left), Molecular structure of [FeII(N3O2)(CN)2] 1.11. (Right), packing diagram 
showing 1-D chains linked via H-bonding interactions, view along the b-axis…………………26 
X 
 
Figure 1.19. χmT vs T plots for complex 1.11 (▼): Cooling mode of first cycle. (▲): Warming 
mode of first cycle. ( ): Cooling mode of second cycle. (∆): Warming mode of second cycle..28 
Figure 1.20. Left, Molecular structure of [Fe(N3O2)(CN)2] 1.11 in the LS and HS forms, 
showing the breaking of the Fe-O2 bond. Right, diagram showing the structural distortion in the 
crystal packing of the complex as it switches from LS to HS…………………………………...30 
Figure 1.21. Molecular structure of the trinuclear complex [{Fe(L-N3O2)(H2O)}2Cr(CN)6] 1.12. 
All anions, lattice solvents and H-atoms are omitted for clarity…………………………………31 
Figure 1.22. χmT vs T plot for [{Fe(L-N3O2)(H2O)}2Cr(CN)6] 1.12 in an applied field of 1 kOe 
…………………………………………………………………………………………………...32 
Figure 1.23. Top, the molecular structure of the asymmetric unit of 1.13 which consist of one 
Fe(III) bridged to an [Mn(N3O2)]2+ macrocycle. Bottom, 1-D chain structural topology………33 
Figure 1.24. (Left), molecular structure of the complex formed from [Fe(CN)6]3- and 
[Mn(N3O2)]2+ building blocks. (Right), packing diagram illustrating the 2-D network stabilized 
by H-bonding interactions………………………………………………………………………..34 
Figure 1.25. (a) Molecular structure of the chiral complex with ligand L –N3O2 partly disordered 
(b) packing diagram showing the chiral 3-D tubular network interlocked by single or double ions; 
view down the c-axis…………………………………………………………………………….35 
Figure 1.26. Illustration of the interaction of light with a chiral compound (in this case a chiral 
2-D oxalate lattice)………………………………………………………………………………37  
Figure 1.27. Chirality in the 2-D oxalate-based magnets 1.16 that constitute the anionic layers.39 
XI 
 
Figure 1.28. (Left), 2-D honeycomb layer of [N(CH3)(n-C3H7)2(s-C4H9)][MnCr(ox)3]. (Right), 
molecular structure of [N(CH3)(n-C3H7)2(s-C4H9)][MnCr(ox)3] 1.17…………………………..39  
Figure 1.29. NCD measurements carried out on the two enantiomers of 1.17 showing both the 
positive and negative Cotton effects……………………………………………………………..40 
Figure 1.30. Molecular structure of [Fe(H2L)2]2+ 1.18………………………………………….42 
Figure 1.31. Two adjacent complex cations [Fe(H2L)2]2+ are doubly bridged by two Cl- ions, Cl1 
and Cl2, through hydrogen bonds giving a chiral rod-like structure…………………………….42  
Figure 1.32. χmT vs T plot for 1.18 showing a two-step spin transition for the solvated molecule.. 
 ................................................................................................................................................. 43 
Figure 1.33. Molecular structure of [FeII(H3L)][FeIIIL](NO3)2, showing the homochiral 2-D sheet 
with trigonal voids……………………………………………………………………………….44 
Figure 1.34. TTF and selected derivatives used in the synthesis of magnetic conductors……...46  
Figure 1.35. Different packing motifs obtained for organic donor molecules (TTF) and (ET)....47  
Figure 1.36. Boat-like conformation of TTF................................................................................48 
Figure  1.37. Drawing of a typical electrocrystallization cell.......................................................50  
Figure 1.38. Through space interaction of conducting π-electrons with localised spin resulting in 
a ferromagnetic alignment of the localised spins...........................................................................51  
Figure 1.39. Packing diagram of λ-(BETS)2FeCl4 1.27 ............................................................. 53 
Figure 1.40. Packing diagram of κ-(BETS)2FeCl4 1.28. ............................................................ 54 
XII 
 
Figure 1.41. Crystal structure of BETS8[SMo12O40]3·10H2O ………………………………….55 
Figure 1.42. Crystal packing of (BEDT-TTF)4[Fe(C2O4)3]·H2O·PhCN 1.29..............................56  
Figure 1.43. The onset of superconductivity in (BEDT-TTF)4[(H2O)Fe(C2O4)3]·PhCN.……...58 
Figure 1.44. Molecular structure of the hybrid material a) the honeycomb bimetallic network 
BEDT-TTF+ [MnCr(C2O4)3]-  …………………………………………………………………...58 
Figure 1.45. Through bond interaction of conducting π-electrons with localised d-spins ........... 60 
Figure 1.46. Selected TTF-derivatives used as ligands for the preparation of redox active 
complexes.……………………………………………………………………………………….61 
Figure 1.47. Molecular structures of trans-[Cu(hfac)2(TTF-CH=CH-Py)2]1.38 and cis-
[Mn(hfac)2(TTF-CH=CH-Py)2] 1.39 ......................................................................................... 62 
Figure 1.48. The packing diagram for [CuII(hfac)2(TTF-py)2]+[PF6]-..........................................64 
Figure 1.49. Molecular structure of [CuII(hfac)2(TTF-CH=N-py)] 1.40 showing the bidentate 
chelation of TTF-CH=N-py…...………………………………………………………………....65 
Figure 1.50. Molecular structure of the trinuclear complex [Co2M(PhCOO)6(TTF-CH=CH-py)2] 
1.41………………………………………………………………………………………………66  
Figure 1.51. Interactions between two 2-D polymeric networks, with short intermolecular S···S 
contacts. .................................................................................................................................... 67 
Figure 1.52. Molecular structure of the [Co2(PhCOO)4(Me3TTF-CH=CH-py)2] 1.42................ 68 
 
XIII 
 
Figure 1.53. Structure of the building block used for the synthesis of a ferromagnetic complex 
1.44………………………………………………………………………………………………67 
Figure 1.54. χmT vs T plot of 1.44, showing ferromagnetic interaction in the complex…..……69 
Figure 1.55. Molecular structure of [Gd(hfac)3(µ-TTF·+-COO-)]2 1.45………………………...69  
Figure 1.56. Packing diagram of [Gd(hfac)(µ-TTF-COO)] 1.45, showing 1-D zig-zag chains... 71 
Figure 1.57. Selected examples of carboxamide ligands. .......................................................... 72 
Figure 1.58.  Selected examples of pyridine carboxamide ligands………………...……………74 
Figure 1.59. Molecular structure of complex 1.53, left, and 1.54, right, showing the coordination 
mode of the ligands and geometry of the Co3+ ions…………………………………….………74 
Figure 1.60.  Molecular structure of the [Zn2Co] heterobimetallic complex…………….…..….76 
Figure 1.61. View of the molecular structure of the analogue of 1.52; b) the 2-D network view76 
Figure 1.62. Selected examples of pyridine carboxamide ligands………...…………………….77 
Figure 1.63. The molecular structure of the Cu2+ complexes of 1.57……………………….…..79 
Figure 1.64. Molecular structure of the Co3+ complex showing its paddle-like nature…….…...79 
Figure 1.65. Top view of the structure of Pd(II) complex 1.61 with hydrogen bonding to two 
triflate anions…………………………………………………………………………………….80 
Figure 1.66. Ligands that have been used for the Co(III)-complex formation………………….81 
Figure 1.67. Molecular structures of 1.66 and 1.67, H-atoms have been omitted for clarity…...81 
XIV 
 
Figure 1.68. Molecular structure of [Fe(Py3P)2] 1.68………………………………….………..81 
Figure 1.69. Molecular structure of the trinuclear Cu(II) complex formed with 1.65…………..82 
Figure  1.70. Selected carboxamide ligands used in supramolecular chemistry………………...82 
Figure 1.71. Molecular structure of the Au(I) complex showing π…π interactions and some…84 
Figure 1.72. Molecular structure of 1.76, left. Packing diagram of complex 1.76 showing 2-D.85 
Figure 1.73. The octahedral geometry of the Cd (II) ions………………………….…………...85 
Figure 1.74. Molecular structure of the tetraaza macrocycle 1.78………………….…………...86 
Figure 1.75. Molecular structure of complex 1.79………………………………….…………...86 
Figure 1.76. Molecular structure of the Cd (I) complex 1.80……………………….…………..87 
Figure 2.1. Molecular structure of 4,4’ bipyridine. .................................................................... 90 
Figure 2.2. Molecular framework of a new family of tetracarboxaminde-4,4’-bipyridine ligands, 
where X is a heterocyclic ring. .................................................................................................. 91 
Figure 2.3. Molecular structure of the pyridyl carboxamide ligand 2.2 and its Cu(II) complex 
2.12. .......................................................................................................................................... 96 
Figure 2.4. UV-Vis spectra for L1 (black) and its metal complexes in (2 x 10-6 M) methanol. ... 97 
Figure 2.5. Room temperature EPR spectrum of a powder sample of [Co2(L1)] 2.8. ................. 99 
Figure 2.6. Relationship between trigonal bipyramidal and square pyramidal geometry. ......... 100 
XV 
 
Figure 2.7.  χmT vs T plot for [Co2(L1)] 2.8;  inset: Curie-Weiss behaviour of 2.8……………101 
Figure 2.8. χmT vs T for plot for [Ni(L1)]·MeOH·6H2O  2.9 with (inset 1/m vs T dependence). 
The solid red line represents the best fit to Curie-Weiss behaviour…………………………....103 
Figure 2.9. Room temperature EPR spectrum for a powder sample of [Mn2(L1)] 2.10 at room 
temperature. ............................................................................................................................ 105 
Figure 2.10. χmT vs T plot for [Mn2(L1)]·4CH3OH·0.5H2O 2.10 with (inset) 1/ vs T 
dependence. The solid red line reflects Curie-Weiss behaviour. ............................................... 106 
Figure 2.11. ORTEP plot of the molecular structure of [Cu2(L1)] 2.11, with appropriate labelling 
scheme. The H-atoms have been omitted for clarity................................................................. 107 
Figure 2.12.  Packing diagram of [Cu2L1] 2.11. View down the c-axis of the unit cell. ........... 110 
Figure 2.13. EPR spectrum of [Cu2L1] 2.11 ............................................................................ 110 
Figure 2.14. Crystal field splitting diagrams for square pyramidal and trigonal bipyramidal 
geometries and the magic pentagon. ........................................................................................ 112 
Figure 2.15. Temperature dependence of χmT for complex 2.11. ............................................. 112 
Figure 2.16. UV-Vis spectrum of [Cu2L1] 2.11 in a 1.58 x 10-3 M CH2Cl2 solution, showing the 
d-d transitions at = 620 nm and the broad shoulder at 750 nm. .............................................. 114 
Figure 2.17. Molecular structure of the two independent molecules A(top) and B(bottom) of 
ligand L2, together with the appropriate labelling scheme. ....................................................... 117 
XVI 
 
Figure 2.18. Crystal packing diagram for L2 showing ligand molecules stacking as a herringbone 
arrangement of A-A and B-B dimers stabilized by - interactions running along the b-axis of 
the unit cell. The solvent molecules are omitted for clarity. ..................................................... 118 
Figure 2.19. Temperature dependence of mT for complex 2.12. ............................................ 120 
Figure 2.20. Temperature dependence of 1/χ for [Co2(L2)(H2O)4] 2.12. .................................. 121 
Figure 2.21. Proposed structure for [Co2(L2)(H2O)4] 2.12 ....................................................... 122 
Figure 2.22. Molecular structure of a Co(II) complex of N,N'-bis(4-methyl-2-benzothiazolyl)-
2,6 pyridinedicarboxamide. Counter ions are omitted for clarity. ............................................. 123 
Figure 2.23. Structure of ligand L3.......................................................................................... 125 
Figure 2.24. χmT (per Co)  vs T for [Co2(L3)(H2O)4]·6H2O·3.75CH3OH 2.15………………..126 
Figure 2.25. Proposed structure of [Co2(L3)(H2O)4] 2.15. ....................................................... 127 
Figure 2.26. Molecular structure of the parent [Fe(N3O2)(CN)2] macrocycle 1.11 and the 
dibenzo derivative 2.16. .......................................................................................................... 129 
Figure 2.27. Molecular structure of [Mn(N3O2)Cl(H2O)]22+ 2.17. Cl- counter ions have been 
omitted for clarity.................................................................................................................... 130 
Figure 2.28. Molecular structure of the 1-D zig-zag chain {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 
2.21.  Solvent and hydrogen atoms are omitted for clarity. ....................................................... 133 
Figure 2.29. Packing Diagram for {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 2.21. H-bonding 
interactions are shown as dashed lines.. ................................................................................... 135 
XVII 
 
Figure 2.30. MT vs T in an applied field of 1000 G for 2.21  ................................................. 136 
Figure 2.31. A solution of complex 2.32 at room temperature and when flash cooled to 77 K, 
demonstrating its thermochromic properties. ........................................................................... 143 
Figure 2.32. UV-Vis spectra of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32 at 298 K (red) and 200 K (black).
 ............................................................................................................................................... 145 
Figure 2.33. χmT vs T plot for R,R (Ph)2-[Fe(N3O2)(CN)2]2  2.32. ........................................... 146 
Figure 2.34. UV-Vis spectrum for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 in ethanol at 298 
K. ............................................................................................................................................ 148 
Figure 2.35. Circular dichroism spectrum of 2.33 in ethanol at 298 K. .................................... 149 
Figure 2.36. χmT plot for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 upon cooling (blue circles) 
and then reheating (red circles). ............................................................................................... 150 
Figure 2.37. Mössbauer spectra of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2 2.33 complex from 293 
K to 6 K; LS Fe(II) (blue line), HS Fe(II) (green line). ............................................................ 151 
Figure 2.38. Overlay of the fraction HS FeII for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 
based upon (i) SQUID data in cooling (blue circles) and heating (red circles) cycles, and (ii) 
Mossbauer spectroscopy(squares). .......................................................................................... 153 
Figure 2.39. Different possible isomers for butane-2,3-diol. ................................................... 154 
Figure 2.40. UV-Vis spectra of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 at r.t. (red line) and 
200 K (black line). .................................................................................................................. 162 
XVIII 
 
Figure 2.41. CD spectrum for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 in ethanol at r.t. .... 163 
Figure 2.42. χmT vs T plot for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50. .............................. 164 
Figure 2.43. ORTEP representation of the molecular structure of two independent molecules of 
S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]·2H2O  2.50 at 200 K ...................................................... 165 
Figure 2.44. The molecular structure of molecule B of S,S (PhCH2OCH2)2-
[Fe(N3O2)(CN)2]·2H2O 2.50 at 200 K showing the position of C43 and C52 with respect to the 
FeO2 plane that is shown in red. .............................................................................................. 167 
Figure 2.45. Packing diagram for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2·2H2O 2.50, showing 1-
D chains of A and B molecules linked via H-bonding interactions. .......................................... 169 
Figure 2.46. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2·2HO  2.50 at 300 K.. .................................................. 170 
Figure 2.47. Crystal splitting diagrams for the octahedral low spin S = 0 complex and the HS, 
S=2 pentagonal geometry accompanying the thermal spin transition ....................................... 171 
Figure 2.48. Molecular structures of molecules B at 200 K (left) and 300 K right. .................. 172 
Figure 2.49. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(Ph)2-[Fe(N3O2)(CN)2]2  2.51 at 100 K. Thermal ellipsoids are plotted at 50%. ................ 174 
Figure 2.50. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(Ph)2-[Fe(N3O2)(CN)2]2  2.51 at 100 K. Thermal ellipsoids are plotted at 50%..................175 
Figure 3.1. UV-Vis spectrum of a 8.5 x 10-5 M solution of L4 in CH2Cl2. ............................... 183 
XIX 
 
Figure 3.2. Cyclic voltammogram of TTF and L4 in DMF at a scan rate of 100 mV s-1 ........... 184 
Figure 3.3. ORTEP representation of the molecular structure of L5 with suitable labelling 
scheme. ................................................................................................................................... 185 
Figure 3.4. Crystal packing diagram for ligand L5. View down the b-axis of the unit cell. The 
shortest S···S contacts are shown as green dashed lines. .......................................................... 187 
Figure 3.5. ORTEP plot of the molecular structure of 3.3 together with the appropriate labelling 
Scheme (thermal ellipsoids are plotted at 50%). H-atoms are omitted for clarity…………..…192 
Figure 3.6. Packing diagram for 3.3.  View down the b-axis. The green dashed lines represent H-
bonding interactions. ............................................................................................................... 194 
Figure 3.7. Head-to-tail arrangement of TTF-CN-triazole molecules showing short contacts 
(green dashed lines) between pairs of molecules. H-atoms are omitted for clarity. ................... 194 
Figure 3.8. ORTEP representation of the molecular structure of [NiII(L4)(hfac)2] 3.4. Thermal 
ellipsoids are plotted at 50 % probability. H-atoms are omitted for clarity. .............................. 196 
Figure 3.9. Packing diagram  for [NiII(L4)(hfac)2] 3.4 showing the organization of the TTF 
donors into pairs of dimers. Ni(hfac)2 units and H atoms are omitted.. ..................................... 198 
Figure 3.10 Temperature dependence of T for 3.4 between 5 and 300 K with (inset) the Curie-
Weiss behaviour. The solid lines reflect Curie Weiss behaviour with C = 1.180 emu.K.mol-1 and 
 = -0.60 K. ............................................................................................................................. 199 
XX 
 
Figure 3.11. ORTEP plot of one independent molecule A of 3.5 with appropriate labelling 
scheme. Only the crystallographically unique atoms are labelled. Thermal ellipsoids are plotted 
at 40% probability. H atoms are omitted for clarity. ................................................................ 201 
Figure 3.12. (top) Two different TTF conformations for molecules A and B; (bottom) 
Orthogonal arrangement of organic TTF donors and inorganic Cu(hfac)2 units in the crystal 
packing of 3.5. ........................................................................................................................ 203 
Figure 3.13. View of the crystal packing of the TTF-CN-py donors down the c-axis. The 
Cu(hfac)2 and H-atoms are omitted. SS contacts are shown as green dashed lines. ................ 204 
Figure 3.14. Temperature dependence of T for 3.5 between 5 and 300 K with (inset) the Curie-
Weiss behaviour. ..................................................................................................................... 205 
Figure 3.15. (top) solid state X-band EPR spectrum of [CuII(L6)2(hfac)2] 3.5 recorded at room 
temperature. ............................................................................................................................ 206 
Figure 3.16. ORTEP representation of the molecular structure of [MnII (L6)2(hfac)2] 3.6 with 
appropriate labeling scheme. Thermal ellipsoids are plotted at 40 %........................................ 207 
Figure 3.17. Crystal packing diagram for [MnII(L6)2(hfac)2] 3.6. View down the c-axis of the 
unit cell. - stacking interactions are shown as green dashed lines. ........................................ 210 
Figure 3.18. Temperature dependence of T for 3.6 between 1.8 and 300 K with (inset) the 
Curie-Weiss behaviour.. .......................................................................................................... 211 
Figure 3.19. Temperature dependence of M vs H in the low temperature region for 3.6 at 1.8, 3.0, 
5.0 and 8.0 K. .......................................................................................................................... 210 
XXI 
 
Figure 3.20. ORTEP view of the molecular structure of [CoII(L6)2(hfac)2] 3.7. Thermal 
ellipsoids are plotted at 40 %. H-atoms are omitted for clarity.......……………………………213 
Figure 3.21. Crystal packing diagram for [CoII(L6)2(hfac)2] 3.6. View down the c-axis of the unit 
cell. - stacking interactions are shown as green dashed lines. ............................................... 215 
Figure 3.22. Temperature dependence of T for [CoII(L6)2(hfac)2] 3.6.................................... 216 
Figure 3.23. ORTEP view of the molecular structure of [NiII(L6)2 (hfac)2] 3.7 with appropriate 
labeling scheme. ...................................................................................................................... 217 
Figure 3.24. Crystal packing diagram for [NiII(L6)2 (hfac)2] 3.7. View down the a-axis of the 
unit cell. The [Ni(hfac)2] unit has been omitted for clarity. ...................................................... 219 
Figure 3.25. χT vs T plot for [NiII(hfac)2(L6)2] 3.7................................................................... 220 
Figure 3.26. (top) solid state X-band EPR spectrum of [CuII(L6)2(hfac)2] recorded at room 
temperature……………………………………………………………………………………..221 
Figure 3.27. Proposed moleculer structure for [CuII(L6)2(hfac)2] 3.8………………………….222 
Figure 3.28. Proposed molecular structure for [CoII(L7)(hfac)2] 3.9..........................................223 
Figure 3.29. χT vs T plot for [CoII(L7)(hfac)2]·2H2O 3.9. ........................................................ 224 
 
  
XXII 
 
List of Tables 
Table 2.1. Selected bond lengths [Å] and angles [°] for [Cu2(L1)] 2.11. .................................. 109 
Table 2.2. Selected bond lengths [Å] for molecules A and B of L2. ......................................... 116 
Table 2.3.  Selected bond angles for Molecules A and B…………………………….………..116 
Table 2.4. Selected Hydrogen bonding interactions for molecules A and B of ligand L2……..118 
Table 2.5. Selected Bond lengths [Å] and angles [°] for {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 2.21
 .............................................................................................................................................. .134 
Table 2.6. Mössbauer parameters for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33. ................. 152 
Table 2.7. Selected bond lengths [Å] for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]·2HO 2.50 at 200 
K. ............................................................................................................................................ 167 
Table 2.8. Selected bond angles [o] for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50 at 200 K ... 167 
Table 2.9. Selected bond lengths [Å] for S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 at 300 K.
 ............................................................................................................................................... 172 
Table 2.10. Selected bond angles [o] for S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2 2.50 at 300 K.
 ............................................................................................................................................... 173 
Table 3.1. UV-Vis absorption bands in CH2Cl2 (8.5 x 10-5 M) and redox potentials for TTF and 
L4 to L8 in DMF; Scan rate 100 mV s -1. Pt wire the counter electrode, 0.1 M n-Bu4NPF6 as the 
supporting electrolyte. Glassy carbon as the working electrode. .............................................. 183 
Table 3.2. Bond lengths [A] and angles [º] for L5 ................................................................... 187 
XXIII 
 
Table 3.3. Selected bond lengths and angles for 3.3 ................................................................ 192 
Table 3.4. UV-Vis absorption λmax (nm) in CH2Cl2 (6.4 x 10-5 M) and electrochemical properties 
for coordination complexes of L4 to L7 in DMF....................................................................... 195 
Table 3.5. Selected Bond lengths [Å] and angles [º] for complex 3.4…………………………197 
Table 3.6. Selected bond lengths [Å] and angles [º] for [CuII(L6)2(hfac)2] 3.5………………..201  
Table 3.7. Bond lengths [Å] and angles [º] for [MnII(L6)2(hfac)2] 3.6. ..................................... 208 
Table 3.8. Bond lengths [A] and angles [º] for [CoII(hfac)2(L6)2] 3.7……………………...….213  
Table 3.9. Selected bond lengths and angles for [NiII(L6)2 (hfac)2] 3.7 .................................... 218 
 
XXIV 
 
List of Schemes 
Scheme 2.1. Two examples of potentially tetradentate pyridine dicarboxamide ligands prepared 
by the condensation reaction of pyridine-2,6-dicarboxylic acid and i) 2-aminothiazole or ii) 2-
aminopyridine. .......................................................................................................................... 90 
Scheme 2.2. Synthetic route for the preparation of 2,2’, 6,6’-tetrachloroformyl-4,4’-bipyridine 
(2.7) .......................................................................................................................................... 93 
Scheme 2.3. Synthetic route for the preparation of the tetracarboxamide 4,4-bipyridine  ligands 
L1 and L2. ................................................................................................................................. 94 
Scheme 2.4. Proposed molecular structures of the four coordination complexes 2.8-2.11 
prepared from ligand L1. ........................................................................................................... 96 
Scheme 2.5. Synthetic strategy for the preparation of [Co(N3O2)ClH2O]22+ 2.20. .................... 131 
Scheme 2.6. Synthetic route for the preparation of 2.24. ......................................................... 139 
Scheme 2.7. Synthetic route for the preparation of chiral diamines 2.22 and 2.23…………….140 
Scheme 2. 8. Synthetic route for the preparation of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32. .............. 141 
Scheme 2.9. Synthetic pathway for the preparation of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  
2.33 ......................................................................................................................................... 146 
Scheme 2.10. Synthetic route for the preparation of the racemic dimethyl diamine 2.38. ......... 154 
Scheme 2.11. Literature route for the synthesis of the diol 2.44. .............................................. 155 
Scheme 2.12. Second synthetic route devised for the preparation of diamine 2.38. .................. 157 
XXV 
 
Scheme 2.13. Proposed cyclization of the anion of 2.46. ......................................................... 158 
Scheme 2.14. Synthetic route for the preparation of 2.50 ........................................................ 160 
Scheme 3.1. Representation of a TTF-CN-py linked donor. Φ represents the dihedral angle 
between the TTF donor and the pyridine ring .......................................................................... 180 
Scheme 3.2. Synthetic route for the preparation of ligands L4-L8………………………….….181  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XXVI 
 
List of Abbreviations 
Abbreviations                               
0-D  
 
zero-dimensional  
1-D  one-dimensional  
2-D  two-dimensional  
3-D  three-dimensional  
Å  Ångstrom  
BEDT- TTF  bis(ethylenedithio)tetrathiafulvalene  
B.M.  Bohr magneton  
br  Broad (NMR and IR peak descriptor)  
Bu  butyl  
cald  calculated  
°C  degrees celsius  
CD  circular dichroism  
CN  cyanide  
COSY  correlation spectroscopy  
CV  cyclic voltammetry  
d  doublet  
dd  doublet of doublets  
DCM  dichloromethane  
DFT  density functional theory  
DMF  dimethyl formamide  
DMSO  dimethyl sulfoxide  
e  electron charge  
EI  electron impact ionization  
EPR  electron paramagnetic resonance  
Et  ethyl  
FAB  fast-atom bombardment  
g  grams  
g  g-factor, proportionality constant  
GCE  glassy carbon electrode  
XXVII 
 
h  hour(s)  
HOMO  highest occupied molecular orbital  
HRMS  high resolution mass spectroscopy  
HSQC  heteronuclear single quantum correlation  
HS  high spin  
Hz  Hertz  
IR  infrared  
ICT  intramolecular charge transfer  
J  coupling constant (NMR), magnetic exchange 
parameter  
K  Kelvin  
LDA  lithium diisopropyl amide  
LIESST  light-induced excited state spin trapping  
LS  low spin  
LUMO  lowest unoccupied molecular orbital  
m  multiplet  
M  molar  
min  minutes  
mL  milliliters  
MLCT  metal-ligand charge transfer  
mmol  millimole  
M.p.  melting point  
Mr  remnant magnetization  
ms  millisecond  
ms  quantum number for the z-component of the 
electron spin  
Msat  saturated magnetization  
MS  mass spectroscopy  
m/z  mass/charge ratio  
NMR  nuclear magnetic resonance  
nm  nanometer  
ORTEP  Oak Ridge Thermal Ellipsoid Plot  
XXVIII 
 
 
OAc  acetate  
ppm  parts per million  
py  pyridine  
R  agreement factor  
rt  room temperature  
s  singlet  
S  spin quantum number  
SCO  spin crossover  
SCM  single chain magnet  
SMM  single molecule magnet  
SOMO  singly occupied molecular orbital  
SQUID  superconducting quantum interference device  
str  stretch  
t  triplet  
T  temperature  
Tc  critical temperature  
TN  neel temperature  
TCNQ  tetracyano-p-quinodimethane  
THF  tetrahydrofuran  
TLC  thin layer chromatography  
TTF  tetrathiafulvalene  
TTF+·  tetrathiafulvalene radical cation  
TTF2+  tetrathiafulvalene dication  
TMTSF  tetramethyltetraselenafulvalene  
UV-Vis  ultra violet-visible  
ver  verdazyl radical  
μB  Bohr magneton  
μeff  magnetic moment  
λ  wavelength  
χ  magnetic susceptibility  
χM  molar magnetic susceptibility  
XXIX 
 
 
List of Compounds. 
N N
H
N
H
N
H
N
H
N
O
OO
O
N
N
N
N
L1
N N
NH
H
N
N
H
H
N
O
OO
O N
S
S
N
S
N
N
S L2
 
 
N N
NH
O
NH
OO
HN
O
HN
N
NN
N L3
N N
N
N
N
N
O
OO
O
N
N
N
N
CoII CoII
2.8
 
 
N N
N
N
N
N
O
OO
O
N
N
N
N
MnII MnII
2.9
N N
N
N
N
N
O
OO
O
N
N
N
N
NiII
2.10
NiII
 
 
XXX 
 
N N
N
N
N
N
O
OO
O
N
N
N
N
CuII CuII
2.11  
N N
N
O
N
OO
N
O
N
N
S
S
N
S
N
N
S
CoIICoII
OH2
2.12
OH2H2O
H2O
N N
N
O
N
OO
N
O
N
N
NN
N
CoIICoII
2.15
OH2
OH2
H2O
H2O
 
 
O
O
N
N
NFe
CN
CN
O
O
N
N
N Fe
CN
CN2.32  
 
2.23
O
O
O
O NH2
NH2
2.50
O
O
O
O
N
N
N
Fe
CN
CN
 
 
 
XXXI 
 
O
O
N
N
N Fe
CN
CN
CH2OCH2Ph
CH2OCH2Ph
2.33
O
O
N
N
NFe
CN
CN
PhH2COH2C
PhH2COH2C
 
 
 
S
S
S
S N N
S
S
S
S N
N
L5
S
S
S
S N N
S
S
S
S
S N N
N
S
NH
N
N
N
S
S
S
S N
S
S
S
S
L4
L8
L7
L6
 
 
 
 
 
 
XXXII 
 
N
NiII O
O
CF3
CF3
O
O
F3C
F3C
S
S
S
S N
3.4
S
S
S
S N N S
S
S
SNNCuII
OO
CF3F3C
O O
F3C CF3
3.5
 
NS
N
S
S
S
SNN
S
MnII O
O
CF3
F3C
O
O
F3C
F3C
S
S
S
S
3.6
N N
S
S
S
S
SNN
S
CoII O
O
CF3
F3C
O
O
F3C
F3C
S
S
S
S
3.7
N N
S
S
S
S
SNN
S
NiII O
O
CF3
F3C
O
O
F3C
F3C
S
S
S
S
3.8
N N
S
S
S
S
SNN
S
CuII O
O
CF3
F3C
O
O
F3C
F3C
S
S
S
S
3.9
N
CoII
O
O
CF3
CF3
O
O
F3C
F3C
S
S
S
S N
N
S
3.10
H2O
 
 
 
 
1 
 
CHAPTER 1 – INTRODUCTION 
1. Introduction to Magnetism 
1.1 Traditional versus Molecule-based Magnets 
Traditional or conventional magnets are usually pure metals or metal oxides whose net 
magnetic moments result from co-operative spin–spin interactions between unpaired electrons in 
d- or f-orbitals.1 These spin couple with each other in a 3-D manner in the structure of the lattice. 
Examples of conventional magnets include transition metal oxides such as Fe2O3 and CrO2, as 
well as rare-earth materials such as SmCo5. These magnets are made using energy-intensive, 
high temperature metallurgical processes.1 In contrast, molecule-based magnets are comprised of 
molecular building blocks such as organic molecules or coordination compounds. The unpaired 
electrons may be located either in the p-orbitals of organic radicals, as in the case of pure organic 
magnets, or the d- or f-orbitals incorporating transition metal or lanthanide ions. Molecule-based 
magnetic materials have many advantages over conventional magnets, they can be processed 
under milder temperatures,2 and it is in some cases possible to control their bulk properties 
enabling them to be tuned in order to suit the changing needs of technology.  This ability to 
modify the material is an advantage over conventional materials which consist of a continuous 
lattice whose bulk properties cannot be easily altered.2 Molecule-based materials also offer 
lower densities than their mineral counterparts, which is advantageous for their incorporation 
into portable electronic devices. Finally, the ability of individual molecules to have internal 
degrees of freedom can be a great advantage in preparing molecules with dual functionalities. 
For example, optically active molecular magnets can be realized by incorporating a source of 
chirality into their magnetic building blocks.3 
2 
 
1.2 Magnetic behaviour 
Electrons in an atom undergo two types of motion namely, spin and orbital rotation, 
which give rise to spin angular momentum, S, and orbital angular momentum, L, respectively. S 
and L combine to produce the total angular momentum J, which is proportional to the quantified 
magnetic moment.4 The total value of the spin and orbital angular momentum is zero for a 
closed shell system since the positive and negative values of the individual electrons cancel each 
other out. Atoms or materials with a closed shell (no unpaired electrons) are diamagnetic 
materials.4 These materials are repelled by a magnetic field. On the other hand, open shell 
systems (paramagnetic materials) have unpaired electrons and are more useful from a synthetic 
point of view, since the unpaired electrons in these materials can interact with each other leading 
to interesting properties.4 
1.3 Paramagnetic, ferromagnetic and antiferromagnetic behaviour. 
 A substance placed in a magnetic field will experience magnetisation (M), which is the vector 
sum of the individual magnetic moments present in the substance.5  At high temperature, a 
material placed in a magnetic field will show paramagnetism, Figure 1.1 (a) in which the 
electron spins in the material are randomly oriented with respect to each other. If the temperature 
is low enough to overcome the thermal energy below a critical temperature, then the spins can 
align themselves in a particular direction to allow for magnetic ordering.5 This alignment can 
either be ferromagnetic where the magnetic dipole moments are aligned in the same direction, 
Figure 1.1 (b), or antiferromagnetic, in which case the magnetic dipole moments are aligned in 
opposite directions, Figure 1.1 (c). Another situation exists in which the magnetic dipole 
moments are aligned antiferromagnetically, but do not cancel each other out; in other words, the 
moments have different magnitudes, Figure 1.1 (d). This alignment is known as ferrimagnetism. 
3 
 
(a) (b) (c) (d)  
Figure 1.1. Different alignments of magnetic dipoles in a material: (a) paramagnetism, (b) 
ferromagnetism, (c) antiferromagnetism, and (d) ferrimagnetism.5 "Adapted from figure 1 
reference 5" 
  
 Magnetochemistry which can be defined as the study of magnetic properties of a material 
is one of the ways of obtaining insight into the electronic structure of a compound, providing for 
example, information about its geometry, structure and bonding.4 Macroscopically, 
magnetisation can be measured by keeping the magnetic field constant and varying the 
temperature, or holding the temperature constant and varying the magnetic field. The 
magnetisation of a sample is often reported as the magnetic susceptibility χ, which describes the 
degree of magnetization of a substance in response to an applied magnetic field.4 The volume 
susceptibility is given by the equation:                
                                                  χ = M/H                                                                 (1.1) 
where M is the magnetisation and H is the applied magnetic field.  
The equation above is valid for low magnetic fields. Often, the volume susceptibility χv is 
converted to the molar susceptibility using the equation: 4 
                                     χmol =  Mχ / ρ                                                                           (1.2) 
4 
 
 where ρ is the density of the material in kg/m3 and M is molar mass in kg/mol. 
The application of a magnetic field to a sample causes competition between the tendency of the 
magnetic domains to align with the applied field, and the tendency to retain their randomisation 
due to thermal energy. This leads to an inverse relationship between temperature and 
susceptibility given by the Curie law equation: 6 
                                  χm = C/T                                                               (1.3) 
where T is the temperature and C is the Curie constant. The Curie constant C can be obtained by 
the equation:  
                            ܥ = ே௚మఉమௌ(ௌାଵ)
ଷ௞
                                                                 (1.4) 
Where N is Avogadro’s number, g is the Lande constant, β is the Bohr magneton, k is the 
Boltzmann constant and S is the total spin on the ion.6  
A plot of χmT versus T at a constant magnetic field is very useful for characterizing systems that 
deviate from Curie law and is also useful for identifying important interactions that exist between 
molecules in a compound, especially in the solid state, Figure 1.2. A paramagnetic material 
shows a linear response of χmT as the temperature is lowered hence there is no change in the 
χmT value due to the random alignment of the spins. At high temperature, all the different classes 
of materials show a constant χmT value. For a ferromagnetic material as the temperature 
continues to decrease, all the spins become aligned in one direction below a critical temperature 
(Tc), as there is sufficient energy to overcome the thermal activation of spins which leads to an 
increase in the χmT value. Conversely, for antiferromagnetic materials, the spins are aligned in 
5 
 
opposite direction to each other as the temperature continues to decrease below a critical 
temperature (Tc), the χmT value approaches zero. Ferrimagnetic materials show a downward 
curvature due to alignment of adjacent spins, followed by an upward curvature due to long range 
interaction in the material as temperature continues to decrease, Figure 1.2. 5 
 
Figure 1.2. χmT vs T plot for paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic 
interactions.5 "Adapted from figure 1, reference 5" 
 
Deviation from the Curie law can be due to intermolecular interactions in which the spins do not 
behave in an isolated fashion, but rather interact with each other, especially at low temperatures. 
Spin-orbit coupling in a compound is another reason why a material might not obey the Curie 
law. In order to account for these deviations, another parameter, , which is defined as the Curie-
Weiss constant is added to the Curie law equation to give equation (1.5), the Curie-Weiss law: 5 
                             χmT   = C/T-                                                                              (1.5) 
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Ferromagnetic interactions in a compound will result in a positive value for , while 
antiferromagnetic interactions will lead to a negative  value. The magnetic moment of first row 
transition metals can also be obtained by applying the spin-only formula to calculate the effective 
magnetic moment (μeff), as shown in equation (1.6).6 Since the orbital contribution of first row 
transition metal to their magnetic moment is small and generally negligible. 
                                                  μeff  =  2ඥܵ(ܵ + 1)                                                                                                         (1.6) 
Where S is the total spin of the ions. The equation can be re-written as (1.7): 
                                  μeff  =  ඥ݊(݊ + 2)                                                                                                                  (1.7) 
Where n is the number of unpaired electrons in the compound and S = n/2. 
It should be noted that for first row transition metal ions, the presence of a significant crystal 
field will often remove the orbital angular momentum. However, in some cases a residual orbital 
contribution remains. This is commonly found for ions with an asymmetric occupancy of the t2g 
set such as high spin Co(II) t2g5eg2. In these latter cases, the presence of orbital angular 
momentum often makes the magnetism more complex. 
A diamagnetic material has no unpaired electrons and therefore the magnetic 
susceptibility is zero. These materials are repelled by a magnetic field and do not retain their 
magnetisation when the external field is removed. There is therefore no net permanent magnetic 
moment. 7  In a magnetic field, paramagnetic materials have a small positive magnetic 
susceptibility. The individual atoms will tend to align their fields with the external magnetic 
field. The alignment is not complete, due to the disruptive effect of thermal vibrations. This 
explains why paramagnetic substances are only weakly attracted to an external field, and will 
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lose their magnetisation once the magnetic field is removed.7 Ferromagnetic materials show a 
large positive susceptibility value in an external field below a critical temperature. The large 
value in susceptibility is due to a long range magnetic ordering on the atomic level. These 
materials are strongly attracted to the external magnetic field, and retain their magnetisation even 
after the external field is removed.4 The presence of unpaired electrons in these materials affords 
a net magnetic moment. The strong magnetic properties of ferromagnets are due to the presence 
of domains. The domains in a ferromagnetic material are randomly organised in the absence of 
an external field to produce a zero net magnetic field. When an external field is applied, the 
domains align to produce a strong magnetisation within the material, Figure 1.3.7,8   
 
Figure 1.3. Behaviour of electron spins in a domain in the presence and absence of an external 
magnetic field.8 "Reprinted with permission from reference 8." 
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1.4. Designing molecule-based magnets 
1.4.1 Magnetism in cyanometallate complexes. 
As previously mentioned, molecule-based materials are materials self-assembled from 
molecules whose solid state structures are stabilized via non-covalent interactions such as van 
der Waals forces, H-bonding, metal-to-ligand and - interactions. There is the possibility of 
assembling the molecules into a predetermined molecular architecture by preparing and carefully 
selecting the appropriate building blocks.9 Cyanometallates are amongst the longest known 
coordination complexes due to the bidentate ability of the cyanide ligand to form complexes with 
almost all metals of the periodic table, often in different oxidation states.9 The study of metal 
cyanide complexes was initiated with the discovery of Prussian blue in 1704.9 The cyanide 
ligand (CN-) has also been reported to effectively mediate magnetic coupling between two 
different metal centres, giving rise to Prussian blue analogues where the topology and type of 
magnetic interactions can be predicted and controlled.9 In this respect, Prussian blue analogues 
have been investigated as building blocks for the synthesis of high temperature molecule-based 
magnetic materials.9 Many of the complexes that have been isolated to date have critical 
temperatures Tc (temperature below which the spins in the molecule align in a particular 
direction to show antiferromagnetic or ferrimagnetic interactions),  ranging from 20 to 375 
K.10,11 The basic structure of a Prussian blue analogue is face-centred cubic, Figure 1.4.12 The 
linear arrangement of the metals through the cyanide bridge allows for the overlap of the metal 
d-orbitals, thus promoting magnetic ordering.12 In these materials, the critical temperature 
depends on the number of magnetic neighbors around a given metal and the strength of the 
interaction is dependent upon the degree of overlap between the d-orbitals involved.  
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Figure 1.4. 3-D- structural representation of an ideal Prussian blue analogue. 12 ‘’Reprinted with 
permission from reference 53. Copyright (2001) Elsevier.’’ 
 As a result, most Prussian blue complexes exhibit antiferromagnetic or ferrimagnetic 
interactions due to the fact that the overlapping orbitals are of the same symmetry (t2g + t2g or eg 
+ eg) and similar energies. On the other hand, if the electron density in the interacting metal-
based orbitals are of different symmetry (t2g + eg), this will lead to orthogonality of the cyanide-
based orbitals, leading to ferromagnetic exchange interactions via Hunds rule, Figure 1.5. 13 
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Figure 1.5. Orbital interaction diagram for M’-CN-M in an octahedral coordination environment 
of the metal centre.13 ‘’Reprinted with permission from reference 13. Copyright (2005), 
American Chemical Society.’’  
Verdaguer et al. were the first to report the close to room temperature magnetic ordering of the 
Prussian blue analogue VII0.42VIII0.58[CrIII(CN)6]0.86·2.8 H2O which has a critical temperature (Tc) 
of 315 K.13 The material is a mixed valence complex were some of the V(II) ions are oxidised to 
V(III). The compound demonstrates long range ferrimagnetic ordering due to the non-
compensation of spins on the Cr(III) and V(III) ions.13 The stoichiometry of this complex could 
only be confirmed by elemental analysis as the compound is highly amorphous and detailed 
information concerning the molecular interactions responsible for its peculiar properties could 
not be obtained.13 In an effort to improve the crystallinity and stability of these Prussian blue 
analogues, Girolami et al reported the synthesis of a crystalline material with the formula 
KVII[CrIII(CN)6]·2H2O·0.1KOTf.14 This complex was found to have a critical temperature of 373 
K and short range antiferromagnetic interactions in this compound persisted above the critical 
temperature.14 More recent advances in this area have been achieved with the synthesis of 
Prussian blue analogues whose magnetic moments can be switched from high to low spin, upon 
irradiation with light of an appropriate wavelength.15,16,17  
1.4.2 Single Molecule Magnets (SMMs) and Single Chain Magnets (SCMs) 
Single molecule magnets are a class of molecule-based magnets that can be magnetised 
in the presence of a magnetic field, and retain their magnetization after the field is removed.18  In 
contrast to traditional magnets, the magnetic properties of SMMs are not due cooperative effects, 
but rather to a single molecule.18  For a molecule to be considered as a single molecule magnet, it 
has to display slow relaxation of the magnetization below a critical temperature known as the 
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blocking temperature (TB).18 The requirements for a molecule to show SMM behaviour are: (i) 
the presence of a large spin ground state (S) and (ii) a large negative magnetoanisotropy which is 
described by the axial zero field splitting parameter, D.18 Zero field splitting is caused by 
coupling of the ground state with excited states through spin-orbit coupling, which is often 
associated with the effects of a symmetry-lowering structural distortion, e.g. away from Oh 
symmetry.18 These properties lead to a significant barrier (U) for magnetization reversal whose 
maximum value is given by S2|D| or (S2 -1/4)|D| for integer and half-integer spins, respectively,  
Figure 1.6.18 The first molecule to be characterised as an SMM was the manganese cluster, 
[Mn12O12(OAc)16(H2O)4]. Although the complex was initially reported by Lis et al in 1980,19 its 
SMM properties were not discovered until more than a decade later.20 
 
Figure 1.6. Plot of potential energy vs magnetization direction for an SMM with an S = 10 
ground state experiencing axial zero-field splitting.18 ‘’Reprinted with permission from reference 
18. Copyright (2000) Cambridge University Press.’’ 
Other Mn12 clusters have been synthesized by modifying the bridging ligands and/or solvent 
molecules, in an effort to increase the axial symmetry of the parent compound.21 One approach 
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has been to replace the coordinated waters by methanol molecules to afford the related complex 
[Mn12O12(OAc)16(MeOH)4].21 This cluster, like the parent compound, comprises 12 manganese 
ions, bridged by oxides and acetate ligands.  The molecule is a mixed valence compound, with 
eight Mn3+ ions, each with S = 2 spins forming a ring, and the other four Mn4+ ions each with a 
spin of S = 3/2 forming a cubane, Figure 1.7.  The interactions within the cage are such that the 
spins of the MnIII ions in the ring are antiferromagnetically coupled to the MnIV ions in the 
cubane giving the cluster a total net ground state spin of S = 10. The presence of axial zero-field 
splitting leads to the splitting of the S = 10 state into 21 levels from Ms = +10 (spin-up) to Ms = -
10 (spin down), Figure 1.6.  
 
Figure 1.7. ORTEP representation of the [Mn12O12(OAc)16(MeOH)4] cluster. Hydrogen atoms 
have been omitted for clarity.21 ‘’Reprinted with permission from reference 21. Copyright (2005) 
Elsevier.’’ 
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The molecules can be frozen in one of these energy levels, and will require energy (to overcome 
the energy barrier) to move to the other energy level. This situation leads to a hysteresis or a 
bistability, thus giving SMMs the potential to be used as molecular data storage devices.22 In 
recent years many families of SMMs have been synthesized incorporating transition metals ions 
as well as lanthanides in an effort to increase their blocking temperatures.23 Despite all the recent 
advances that have been made in this field, the reported blocking temperatures are still very low, 
mostly around liquid helium temperatures, thus hindering their application as molecular storage 
devices that can function at or around room temperature. Efforts to increase the blocking 
temperatures of SMMs, led to the design of single chain magnets. Single chain magnets (SCMs) 
are a class of one-dimensional coordination polymers that display slow relaxation of 
magnetization below their blocking temperatures. In contrast to SMMs, for which the slow 
relaxation of magnetisation is a result of the combination of magnetic anisotropy and a high spin 
ground state, the magnetic behavior observed in SCMs is also due to intra-chain interactions, 
which promote the development of large magnetic domains along the chain. SCM behaviour was 
first observed in 2001 by Gatteschi et al 24  for a Co(II) coordination polymer containing a 
nitronyl nitroxide radical [Co(hfac)2(NITPhOMe)]. This compound displays antiferromagnetic 
interactions between the Co(II) ions and the bridging radical unit. It was also revealed that the 
presence of large magnetic anisotropy in the compound was due to the spin-orbit coupling of the 
CoII ion. The first example of a heterometallic SCM was reported by Clerac and co-workers.25 
This compound consist of a 1-D chain composed of [MnIII2(saltmen)2NiII(pao)2(py)2](ClO4)2 
units (where saltmen = N,N‘-(1,1,2,2-tetramethylethylene) bis(salicylideneiminate) and pao = 
pyridine-2-aldoximate), Figure 1.8. Many more SCMs have been reported containing transition 
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metal and/or lanthanide ions, with blocking temperatures at or around liquid helium 
temperature.26, 27  
 
Figure 1.8. Molecular structure of the SCM 
[MnIII2(saltmen)2NiII(pao)2(py)2](ClO4)2.25‘’Reprinted with permission from reference 25. 
Copyright (2002), American Chemical Society.’’  
1.4.3 Magnetism in spin crossover compounds. 
Since molecule-based materials could ultimately be used for the miniaturization of 
molecular devices, 28  the scientific community has invested much effort in the synthesis of 
molecules with physical properties that can be switched between two states via the application of 
external stimuli such as temperature or light. One class of compounds that have been 
investigated in this regard are spin crossover (SCO) complexes. Spin crossover is a phenomenon 
that is most commonly observed in octahedral first row transition metal complexes with a d4 to 
d7 configuration, where the spin state of the metal ion can be switched from the low spin (LS) to 
high spin (HS) state. It is an entropy effect occurring at a temperature where the difference in 
enthalpy between the stronger metal-ligand bonds in the LS state is overcome by the higher 
configurational and vibrational enthalpy of the HS state.31 Typically six coordinated Fe(II) 
complexes of N-donor ligands are studied for SCO, since these give the greatest structural 
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differences between their low and high spin form.29  These changes in spin state can be caused 
by external stimuli such as temperature, light irradiation, pressure and magnetic field, Figure 
1.9.29 Spin transitions involving the transfer of electrons from the t2g to the eg set of orbitals are 
often also associated with a change in magnetic moment, dielectric constant and colour of the 
coordination complexes.31  
Spin crossover was first observed by Cambi et al. in the 1930s, when it was shown that 
the Fe(III) centres in dithiocarbamates were able to undergo a change in spin state as a function 
of temperature.30 
 
Figure 1.9. Two different spin states for octahedral Fe (II) and Fe (III) complexes. 31‘’Reprinted 
with permission from reference 31. Copyright (2009), Royal Society of Chemistry.’’  
 
The ability of a compound to undergo spin crossover is based on the ligand field strength 
Δo around the metal ion and the pairing energy (P) of the electrons. If the ligand field strength is 
greater than the pairing energy, then the low spin compound will be formed as a result of 
electrons pairing in the t2g orbitals, rather than the electrons occupying the eg orbitals. On the 
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other hand, if the ligand field strength is less than the pairing energy, the compound will exist in 
the high spin state, Figure 1.10. 31 SCO will occur when Δ0 ≈ P at a critical temperature Tc. The 
SCO phenomenon is often associated with a change in the metal-ligand bond lengths. Upon 
changing from the LS to the HS state, an increase of approximately 0.2 Å is generally observed 
in the iron-ligand bond lengths of Fe(II) complexes as a result of electrons filling the anti-
bonding eg set of orbitals.32 The ability of the ligand to accommodate this change is critical when 
the complex is switching from the low to the high spin state. This switching is also accompanied 
by a change in the physical and chemical properties of the compound which often translates to a 
phase change.33 The energy gap between the LS and HS states for an iron (II) complex is very 
small, usually on the order of 200 cm-1 (close to thermal energy).34  
 
 
Figure 1.10. HS vs LS d-orbital electronic configuration for an Fe(II) d6 ion in an octahedral 
coordination geometry. 31‘’Reprinted with permission from reference 31. Copyright (2009), 
Royal Society of Chemistry.’’  
It should be noted that although SCO is mostly observe in first row tramsition metals 
with d4-d7 confifuration, there are very few examples of SCO complexes of second row 
transition metals, because of the low spin pairing energy of these ions, together with the presence 
17 
 
of strong ligand field. And as a result, most second row transition metal complexes are low 
spin.33 
 
Light Induced Excited Spin State Trapping (LIESST) Effect 
Spin crossover compounds are one of the few classes of molecules in which the spin state 
(high spin to low spin) can be controlled by irradiating the complex with light of an appropriate 
wavelength.35 This phenomenon is very important in view of its potential applications for the 
design of optical switches.36 Light as a stimulus to induce a spin transition was first demonstrated 
by Decurtins et al., who used green light to change the spin state of the Fe(II) ions in single 
crystals of [Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole) 37 It was later also shown that the reverse 
transition can occur by irradiation of the same crystal with red light. 38 The mechanism involves 
double intersystem crossing from the excited 1T1, 1T2 states to the 5T2 HS state via the low-lying 
triplet state 3T1, Figure 1.11.  
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Figure 1.11. Illustration of the mechanism of the LIESST and reverse LIESST effects for an 
Fe(II) d6 complex. 1A1, 1TI, 1T2, refer to the LS states, 3T1 to the intermediate spin state, 5T2 and 
5E the HS states. 39 ‘’Reprinted with permission from reference 39. Copyright (1994), American 
Chemical Society.’’  
 
The switching from the HS to the LS sate is very fast, of the order of a nanosecond, with a high 
quantum yield. The photo-induced HS state usually has a long life time (several days) at 
temperatures around 20 K, but is very short lived above 60 K. At higher temperatures, the 
conversion from the high spin to the low spin state is via thermal activation, while conversion by 
light at low temperatures from the LS to the HS state occurs via a quantum tunnelling process.39 
Buchen et al. reported a very high TLIESST (80 K) for the compound [Fe(bpp)2](BF4)2] (bpp = 2,6-
bis(pyrazol-3-yl)pyridine.42 The LS 1A1 state is converted quantitatively to the HS 5T2 state via 
irradiation with green light from a Xe-arc lamp, this process was followed by 57Fe Mossbauer 
spectroscopy. In this respect, the Mossbauer spectrum for this complex is shown in Figure 1.12. 
The first spectrum A recorded at 30 K before irradiation contains two peaks corresponding to the 
quadrupole splitting of the low spin Fe(II) complex. After irradiation with green light, the 
complex switches from the LS to the HS state which results in a shift of the quadrupole splitting 
V[mm/s] affording spectrum B. A small amount of conversion from the 5T2 to the 1A1 state is 
also observed upon irradiation with red light (spectrum C of Figure 1.12). The photoinduced 
metastable HS state of this complex was stable at temperatures as high as 80 K. The high 
stability of this metastable HS state was attributed to the structural phase change accompanying 
the HS to LS spin transition.40  
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Figure 1.12. 57Fe Mossbauer spectra of [Fe(bpp)2](BF4)2 recorded at 30 K before A and after B 
irradiation of a polycrystalline sample with green light. Irradiation of the sample of spectrum B 
with red light causes partial back-conversion to the stable LS state, the small peaks visible in 
Spectrum C.40 ‘’Reprinted with permission from reference 40. Copyright (1994) American 
Chemical Society.’’ 
 
Cooperativity in SCO compounds 
As previously discussed, the transfer of electrons from the t2g to the eg set of orbitals 
leads to a change in the metal-to-ligand bond lengths of the molecule. This change in molecular 
size can be transmitted from one site of the crystal lattice to another via intermolecular 
interactions; this is known as cooperativity.35 The presence of intermolecular interactions such as 
H-bonding, π-π stacking or Van der Waals forces, are known to enhance cooperativity in the 
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solid state.35 Different spin transition curves have been obtained for SCO complexes. A gradual 
spin transition, is most common, and occurs in complexes with weak cooperativity, Figure 
1.13a.35 The presence of strong cooperative interactions will lead to abrupt spin transitions, 
Figure 1.13b.  Hysteresis can occur due to very strong cooperative interactions, Figure 1.13c. A 
complex displaying hysteresis will have two spin transitions. One for decreasing temperature 
(T1/2↓), and one for increasing temperature (T1/2↑) which results in a hysteresis loop. Hysteresis is 
of particular importance because it often leads to bistability (bistability refers to the ability of the 
complex to exist in two different electronic states within a certain temperature range), and thus 
confers a molecular memory on the complex.35  
In recent years, chemists have striven to understand in more detail the relationship 
between structure and cooperativity in SCO compounds. Although it is generally accepted that 
the abruptness of a spin transition curve and its ability to show hysteresis lies in the strength of 
the interactions between the spin carriers in a material, it has more recently been established that 
covalently linking Fe(II) centres is not enough on its own to obtain a complex that shows 
cooperativity.31 In this respect, it is likely that most strongly cooperative SCO materials undergo 
a crystallographic phase change during SCO.31 In this regard, a survey of the SCO compounds 
with available crystallographic data reveals that changes in molecular shape between the LS and 
HS states and the availability of a lattice to accommodate such changes can also play an 
important role in determining the existence of cooperativity of a thermal spin transition in the 
solid state.31 
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Figure 1.13. The different spin transition curves undergone by SCO compounds, (a) gradual; (b) 
abrupt; (c) with hysteresis; (d) with steps; (e) incomplete. γHS signifies fraction of the high spin 
molecule.33 ‘’ Adapted from figure 5, reference 33’’ 
 
One of the most studied Fe(II) SCO complexes is [Fe(L)2(NCS)2] where L is a bidentate diimine 
ligand such as 2,2’-bipyridine (bipy), 1-10-phenanthroline (phen),  or 2,2’-bipy-4,5-
dihydrothiazine (btz), Figure 1.14. Furthermore, the ligand field strength of these ligands can 
also be modified by attaching substituents to the ligands.41 In the complexes prepared from these 
ligands, the Fe(II) centre is surrounded by six nitrogen atoms and two NCS- ligands are 
coordinated in a cis manner, Figure 1.15.43 The crystal structures of [Fe(bipy)2(SCN)2], 
[Fe(btr)2(SCN)2] and [Fe(phen)2(NCS)2], reveal they crystallize in the same space group, Pcbn.  
The similarity between these crystal structures implies that the coordination geometry of the 
FeN6 core is very similar for the three compounds, indicating that FeN6 core plays a lesser role in 
the spin crossover process.43  
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Figure 1.14. Examples of ligands that have been used in the preparation of Fe(II) SCO 
complexes. 
 
Figure 1.15. Molecular structures of [Fe(bipy)2(NCS)2] 1.5 [Fe(btz)2(NCS)2] 1.6  
[Fe(phen)2(NCS)2] 1.7 and [Fe(dpp)2(NCS)2] 1.8 .43 ‘’Reprinted with permission from reference 
43. Copyright (2003), Elsevier.’’ 
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Despite the fact that they adopt the same space group in the solid state, different degrees 
of cooperativity have been observed for complexes 1.5 to 1.8, highlighted by the magnetic 
susceptibility plots displayed in Figure 1.16. While complex 1.5 undergoes a sharp transition 
from the HS to the LS state at Tc = 213 K,42 1.6 demonstrates an incomplete spin transition43 and 
1.8 shows a discontinuous spin transition with Tc = 176 K. In contrast, the [Fe(phen)2(NCS)2] 
complex 1.7 goes through a spin transition with a large hysteresis which is reproducible  over 
several cycles with critical temperatures of 123 K and 163 K for the cooling and heating cycles 
respectively.43 In all four complexes, the Fe(II) centres are coordinated to six N donors atoms. As 
a consequence, it has been rationalized that the cooperativity in these three complexes arises 
from short S…C and C…C contacts in their solid state structures. 
 
 
Figure 1.16. mT vs T plots for [Fe(bipy)2(NCS)2] 1.5, [Fe(btz)2(NCS)2] 1.6, [Fe(phen)2(NCS)2]  
1.7 and [Fe(dpp)2(NCS)2] 1.8.41 ‘’Reprinted with permission from reference 41. Copyright 
(2003) Elsevier.’’ 
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In recent years spin crossover materials have been incorporated into switchable 
nanoparticles, 44  thin films 45  and liquid crystals. 46  These properties have also lead to their 
incorporation into devices, including a display whose pixels are switched by spot heating and 
cooling,46a an electroluminescent device,46b and a temperature sensitive contrast agent for 
magnetic resonance imaging (MRI).46c Most real or potential applications require the realization 
of a SCO material whose spin transition is at or around room temperature.31 The discoveries of 
new families of compounds with technologically favorable spin transitions would be beneficiary 
for the development of these applications. Furthermore, there is still an interest in understanding 
the solid state chemistry and physics of these systems, so switchable materials can be designed 
with predictable and tunable properties.31 This is a current challenge in the field of magnetism 
requiring synthetic skills, as well as a knowledge of crystal engineering that requires a detailed 
understanding of how intermolecular interactions in a crystal lattice controls the onset and 
progress of a phase transition.31  
1.4.4 The N3O2 family of macrocycles 
In 1977, Nelson et al. reported the synthesis of a series of 15 membered macrocyclic 
N3O2 complexes 1.9, Figure 1.17. These complexes were obtained via the Schiff-base 
condensation of 2,6-diacetylpyridine with 3,6-dioxaoctane-1,8-diamine, in methanol in the 
presence of an equimolar amount of the appropriate transition metal salt.47 The macrocycle could 
only be isolated as the metal complex, and attempts to synthesize the metal-free ligand afforded 
only a mixture of oligomeric products.48 Thus, the metal ion promotes the cyclization of the 
reactants and stabilizes the resulting macrocycle that is formed.48 It has been demonstrated that a 
variety of metal ions can act as a template for the synthesis of this N3O2 macrocycle, where the 
macrocycle coordinates a metal ion in the pentagonal plane and the axial positions are filled by 
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halide or pseudohalide ions affording pentagonal bipyramidal geometry. Evidence for 
complexation was first found from determining the crystal structure of the [Mn(N3O2)(SCN)2] 
complex which confirmed that the Mn(II) ion was seven coordinate, Figure 1.17b.48 
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Figure 1.17. a) Structure of the N3O2 macrocyclic ligand 1.9 and b) the crystal structure of the 
hepta-coordinated [Mn(N3O2)(SCN)2]  complex 1.10.48  
 
 
 The IR spectra of this family of complexes shows an imine C=N str at 1650 cm-1and the 
disappearance of the C=O and NH str’s at 1700 and between 3100 and 3300 cm-1 for the 
carbonyl and primary amine groups of the starting materials, respectively.48,49 The Fe(II) 
complex [Fe(N3O2)(CN)2]·H2O undergoes an unusual and interesting behavior. Initial magnetic 
susceptibility measurements carried out by Nelson and Drew indicates that below 150 K, the 
Fe(II) complex is LS, but above 230 K, the most thermodynamically stable form is the quintet 
HS form of the molecule. It was also determined that between 150 and 200 K a mixture of HS 
and LS states exists in a (1:1) ratio.49 The complex was thought to be either six- or seven 
coordinate in the high spin state, but due to the absence of a crystal structure to confirm the exact 
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coordination geometry of the Fe(II) this could not be determined. Nevertheless, a seven 
coordinate geometry would be consistent with lattice reorganisation accompanying the spin 
change and the observed hysteresis and is also consistent with the structure of the Mn(II) 
complex 1.10.48 Fifteen years later, Sato et al. determined the crystal structure of the Fe(II) 
complex in its high spin form at room temperature.49 As suggested by Nelson two decades 
earlier, the Fe(II) adopts a pentagonal bipyramidal environment, with the macrocycle chelating 
the equatorial plane, and the two cyanide atoms in the axial positions, completing the seven- 
coordinate geometry, Figure 1.18.49 
 
 
 
 
The crystal packing of 1.11 reveals that the complex forms 1-D chains with neighbouring 
molecules linked via H-bonding interactions formed by the H-atoms of the water molecules and 
the N-atom of the CN- axial ligand, where O-H…N = 1.860 Å, Figure 1.18 (right). Magnetic 
studies carried out on a single crystal of 1.11 are shown in Figure 1.18. The value of χmT at 300 
Figure 1.18. (Left), Molecular structure of [FeII(N3O2)(CN)2] 1.11. (Right), packing diagram 
showing 1-D chains linked via H-bonding interactions, view along the b-axis.49 Adapted with 
permission from reference 49. 
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K is 3.3 cm3 K mol-1 and corresponds to what is expected for a HS Fe(II) complex. The χmT vs T 
data for the complex shows two different cycles. The first cycle (closed triangles) show a 
hysteresis width of 13 K with the cooling(▼) and heating mode(▲) showing abrupt transitions at 
↓T1/2 =  159 K and ↑T1/2 = 172 K respectively. The abrupt transition is indicative of the strong 
cooperativity within the complex. The second cycle (open triangles) shows a more conventional 
one step transition and has a larger hysteresis width of 27 K. This cycle is consistent with 
magnetic data reported on a powder sample of the complex and is most likely due to the 
destruction of the single crystal into powder during the measurement.49 About 50 % of the 
molecules remain in the high spin state at 100 K, Figure 1.19. It is thought that the cooperativity 
mainly arises from the formation of a one dimensional chain of complex 1.11 mediated by 
N···H-O interactions in the solid state. Illumination of the sample at 5 K with a Hg-Xe lamp (λ = 
550 nm, 1.5 mW/cm2), causes an increase in the susceptibility which lasted for several hours 
even after the source of light was removed. The temperature dependence of χmT after 
illumination is shown in Figure 1.19 (inset). There is a change in the χmT value from 2.9 to 2.1 
cm3 K mol-1 at around 130 K, and then from 2.1 to 1.2 cm3 K mol-1 at 180 K,  consistent with a 
two step relaxation process as the complex switches from HS to LS.  Finally, the relaxation 
temperature TLIESST of 130 K is one of the highest reported for a mononuclear iron (II) 
complex.50 This is most likely a consequence of the large reorganizational energy involved in the 
SCO of this complex since the two spin states have very different geometries in the solid state. 
Unfortunately, the molecular structure of this complex in the metastable excited state has not 
been determined to date. 
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Figure 1.19. χmT vs T plots for complex 1.11 (▼): Cooling mode of first cycle. (▲): Warming 
mode of first cycle. ( ): Cooling mode of second cycle. (∆): Warming mode of second cycle. 
The temperature was varied at the rate of 1 K min-1. The χmT vs T plot (inset) was recorded in 
the warming mode after the sample was exposed to light (λ = 550 nm) after illumination for 1 
h.49 "Reprinted with permission from reference 49. Copyright (2001) American Chemical 
Society." 
 It has also been demonstrated that [Fe(N3O2)(CN)2] shows  photo-switching of the 
dielectric constant by measuring the electronic polarizability that accompanies its spin 
transition. 51  The difference in the dielectric constant between two spin states suggests that 
capacitance measurements can be used to read information stored in the bistable system. 
Therefore, the existence of a correlation between photomagnetic and dielectric properties would 
open interesting prospects because switchable dielectric properties and optical addressing are 
two physical principles widely used for information storage and processing. The advantages of 
using SCO materials for these purpose include: i) the short addressing times (picosecond scale on 
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the molecular level), ii) photostability over repeated cycles, iii) low addressing power (on the 
order of mWcm-2), and iv) high storage densities (because of the molecular nature of LIESST 
effect). 52 More detailed studies on the Fe(II) complex were carried out by Letard et al. when 
they reported the crystal structure of the complex both in the high spin and low spin states.50 X-
ray diffraction studies revealed that the LS and HS states are six- and seven-coordinate 
respectively, Figure 1.20, left.50  The room temperature HS structure crystallises in the 
monoclinic C2/c space group with the Fe(II) lying on a two-fold axis. Upon transition of the 
compound to the LS state, the symmetry is broken and the compound adopts the P21/c space 
group.50 This lost of symmetry also reflects the change in the coordination geometry of the metal 
ion since one of the Fe-O(2) bonds is broken. Another change occurring in the molecule as it 
switches from HS to LS, is the inversion of the O–CH2–CH2–O ethylene ring conformation of 
the macrocycle, Figure 1.20 left. In the HS complex, the C12 and C13 atoms are on different 
sides of the plane defined by the Fe(II) atom and the two oxygen atoms, and for symmetry 
reasons are at the same distances to this plane. The lost of symmetry as the molecule goes from a 
LS to HS leads to the C12 and C13 atoms being found on the same side of the plane but at 
different distances (+0.872 Å for C13 and +0.303 Å for C12), Figure 1.20, right.50 This change 
in ethylene conformation and the transformation of the coordination sphere induce significant 
modifications of the intermolecular interactions, which are evident in the crystal packing of the 
molecule, Figure 1.20, right.50 The shortest distance between Fe(II) ions slightly decreases from 
7.652 Å in HS-7 to 7.348 Å in LS-6. Also in the HS-7 complex, the two oxygen atoms involved 
in the coordination sphere do not participate to any intermolecular interactions due to their 
internal positions, but to the contrary, the O2 atom that leaves the coordination sphere in the LS-
6 complex is involved in a hydrogen bond with a methyl group of a neighbouring complex.50  
30 
 
 
 
Figure 1.20. Left, Molecular structure of [Fe(N3O2)(CN)2] 1.11 in the LS and HS forms, 
showing the breaking of the Fe-O2 bond. Right, diagram showing the structural distortion in the 
crystal packing of the complex as it switches from LS to HS.50‘’Reprinted with permission from 
reference 50. Copyright (2007), Royal Society of Chemistry.’’  
 In addition to the SCO studies of the Fe(II) complex, the 15 membered pentadentate 
macrocyclic N3O2 ligand has also been used as a building block for the self assembly of multi-
dimensional cyanide-bridged heterometallic complexes, some of which will be discussed below. 
As previously discussed, the N3O2 macrocycle has been found to adopt a planar conformation, 
imposing a pentagonal-based geometry on central transition metal ions with different electronic 
configurations, leading to the stabilization of seven coordinated species.57 The strategy with the 
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N3O2 ligand is to use the axial cyanide ligands as linkers that can coordinate to other 
paramagnetic building blocks. Cyanometallates have been commonly used as discussed earlier, 
but other paramagnetic complexes with labile ligands have also been employed.57 The seven 
coordinated compound obtained by incorporating Mn(II) has proven to be robust, stable in air 
and aqueous media.57 Recently, the macrocyclic ligand N3O2 has been employed for the 
synthesis of the first example of an Fe(II) cyanometallate SMM. 53  This compound has the 
formula [{Fe(L-N3O2)(H2O)}2Cr(CN)6], 1.12, and is comprised of two types of linear trinuclear 
cations, Figure 1.21.  
 
Figure 1.21. Molecular structure of the trinuclear complex [{Fe(L-N3O2)(H2O)}2Cr(CN)6] 1.12. 
All anions, lattice solvents and H-atoms are omitted for clarity.53‘’Reprinted with permission 
from reference 53. Copyright (2010), Royal Society of Chemistry.’’  
Ferromagnetic interactions were observed between the cyano bridged Cr(III) and the HS Fe(II) 
ions. The magnetic susceptibility plot of 1.12, Figure 1.22, shows a  χmT value of 9.3 cm3 mol-1 
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K at 300 K which is higher than the spin-only value of 7.8 cm3 mol-1 K, for one Cr(III) and two 
HS-Fe(II) ions, suggesting that there is a significant spin orbital coupling contribution from the 
Fe(II) ions which have the ground state configuration of [e1 (dxz)2 and (dyz)1 or (dxz)1 and (dyz)2]; 
e2 [(dxy)1 and (dx2-y2)1; a1 [(dz2)1], since the Cr(III) ion in octahedral geometry has electron density 
on dxy, dxz and dyz orbitals, which are degenerate. 53 
 
 
Figure 1.22. χmT vs T plot for [{Fe(L-N3O2)(H2O)}2Cr(CN)6] 1.12 in an applied field of 1 kOe 
(the red solid line represents the best fit to a linear trimeric model, with the data at the range of 
10-300 K were best fit to give: J = 3.76(6) cm-1, g = 2.11(1), zJ = 0.050(1) cm-1, where zJ is the 
intermolecular coupling constant).53 ‘’Reprinted with permission from reference 53. Copyright 
(2010) Royal Society of Chemistry.’’ 
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The SMM behavior of this trimer was confirmed by the observed hysteresis loops obtained for 
powder from M vs. H scans at 0.5 K, 1.0 K, 1.8 K. The data revealed a temperature-dependent 
butterfly-type hysteretic behavior. 53  
The N3O2 macrocycle has also been used by Zhang et al., for the synthesis of a 
heterometallic cyanide-bridged FeIII-MnII 1-D single chain.54 The synthesis was carried out using 
a dicyanide Fe(III) complex, and a seven-coordinated [Mn(N3O2)]2+ macrocycle as the building 
block. The coordination geometry of the Mn(II) ion in the 1-D complex is distorted pentagonal-
bipyramidal, with two cyanide nitrogen atoms in the trans positions and the (N3O2) ligands of the 
macrocycle coordinating the metal ion in the equatorial plane. The CN ligands serve as bridging 
units between the two metal ions. Figure 1.23.54 Antiferromagnetic exchange interactions were 
found between the Mn(II) and the Fe(III) ions. 
 
Figure 1.23. Top, the molecular structure of the asymmetric unit of 1.13 which consist of one 
Fe(III) bridged to an [Mn(N3O2)]2+ macrocycle. Bottom, 1-D chain structural topology.54 
‘’Reprinted with permission from reference 54. Copyright (2009) American Chemical Society.’’ 
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The ability of the N3O2 ligand to form networks has also been exploited together with a series of 
heterometallic complexes. In this respect, the self-assembly of [Mn(N3O2)]2+ together with 
hexacyanometallate salts [M(CN)6]3- (MIII = CrIII, FeIII, CoIII), afforded a series of  trinuclear 
complexes,  Figure 1.24, (left).55 A network results from the hydrogen bonding interactions 
between a water molecule on a Mn(II) ion and the nitrogen of a cyano group, Figure 1.24, 
(right).55  
 
Figure 1.24. (Left), molecular structure of the complex formed from [Fe(CN)6]3- and 
[Mn(N3O2)]2+ building blocks. (Right), packing diagram illustrating the 2-D network stabilized 
by H-bonding interactions.55 ‘’Reprinted with permission from reference 55. Copyright (2006) 
Royal Society of Chemistry.’’ 
 Decurtins et al. have also used the N3O2 macrocycle as a building block with 
metallocyanides for the synthesis of extended coordination polymers with different topologies 
such as heterometallic linear chains and 2-D assemblies.56 Following on from this work, Osamu 
et al. reported the first example of a chiral nanotubular structure assembled from an achiral 
precursor.57 This material comprises of cyano-bridged Cr(III)-Co(II) complexes, self assembled 
into a 3-D chiral nanotube consisting of left and right helices, Figure 1.25.57 Magnetic studies 
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reveal that this compound shows ferromagnetic interactions between the Cr(III) and Co(II) 
centres leading to a long range magnetic ordering. The compound was found to be a hard magnet 
with a coercivity field of 165 Oe.57  
 
Figure 1.25. (a) Molecular structure of the chiral complex with ligand L –N3O2 partly disordered 
(b) packing diagram showing the chiral 3-D tubular network interlocked by single or double ions; 
view down the c-axis.57 ‘’Reprinted with permission from reference 57. Copyright (2010), 
American Chemical Society.’’  
 
1.5 Designing dual property molecular materials 
With an increase in the need for multifunctional molecular materials, scientists have over 
the years been developing new systems with multiple physical properties such as electrical 
conductivity and magnetism. Since, as previously discussed, these materials are generally 
synthesized from molecular precursors under mild conditions, there is a greater possibility for 
altering or tuning their physical properties.58  
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1.5.1 Interplay of magnetism and chirality 
Chirality can be defined as the left- or right- handedness of a compound and is often 
characterized by the optical rotation of a compound by a plane polarised light.59 A molecule that 
lacks an improper symmetry axis is chiral and exists as two mirror-images that are non-
superimposable and are called enantiomers.60 Chirality in a complex may arise from the spatial 
arrangement of chelating ligands around a metal ion, or from the formation of double or triple 
helices, from the helical twist of a ligand. Enantiopure metal complexes and their supramolecular 
assemblies may also be obtained from chiral precursors such as chiral organic ligands; in this 
case, the ligand will determine the overall configuration of the complex.60 Many factors that 
influence the stereochemistry at the metal centre include temperature, pressure, pH, 
concentration, solvent effects, steric hindrance, and the rigidity of the ligand.60 Circular 
dichroism refers to the differential absorption of left and right circularly polarized light by a 
chiral medium. This phenomenon is often referred to as the natural circular dichroism (NCD).  
Material that demonstrate NCD show a Cotton effect, where the peak of the curve occurs at a 
higher wavelength compared to the trough. Optically pure enantiomers always display opposite 
Cotton effects. Michael Faraday was the first to show that optical activity could be induced in a 
material by applying a magnetic field parallel to the light source, this has been termed the 
Faraday effect.61 In 1982, Wagniere and Meier predicted that light would be absorbed differently 
by a chiral medium if the light was parallel or anti-parallel to the direction of the external 
magnetic field, leading to the term magneto-chiral dichroism (MChD), Figure 1.26.61, 62 Thus for 
a medium possessing spatial asymmetry and a magnetic moment, magneto-chiral dichroism 
becomes possible. In contrast to the Cotton and Faraday effects, magneto-chiral effects occur 
when the medium interacts with non-polarized light. A way of distinguishing the two 
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enantiomers of a chiral compound from the racemic mixture is their ability to rotate the plane of 
linearly polarized light, the rotation angle being opposed for the two enantiomers. 64 
 
Figure 1.26. Illustration of the interaction of light with a chiral compound (in this case a chiral 
2-D oxalate lattice). The absorption coefficient (ε) is slightly different for an unpolarized light 
beam when a static magnetic field (B) is applied parallel (↑↑) and antiparallel (↑↓) to the 
propagation direction. 61‘’Reprinted with permission from reference 61. Copyright (1997) Nature 
publishing group.’’   
 
 In this respect, MChD is based on the subtle interplay between magnetic and chiral 
effects on molecular optical properties. For magneto-chiral dichroism to be observed in a 
compound, ferromagnetism in the chiral medium has to be strong below the critical temperature, 
due to an enhancement of MChD by the internal field in the molecule.63 A critical factor in the 
design of a molecule that shows magneto-chiral dichroism is the presence of a structural centre 
that can support both magnetism and chirality. 
38 
 
Coronado et al have used chiral ligands to synthesise a 2-D bimetallic cyanide-bridged 
magnetic network which shows optical activity.63 This material demonstrates ferromagnetic 
interactions and long range ordering. The long range ordering is due to large interlayer distances 
between the 2-D networks which promote ferromagnetic ordering via dipolar interactions. 63 
Alberola et al. have reported the synthesis of a molecular material displaying metallic 
conductivity, ferromagnetism and chirality, even though no evidence was found for a change in 
the transport property of the compound as a result of the chirality.64 Train and collaborators 
reported the synthesis of a chiral ferromagnetic 2-D oxalate bridged coordination network with 
magnetic and optical properties, which was assembled from chiral precursors, Figure 1.26. The 
oxalate ligand C2O42− (ox2−) was chosen because of its known ability to bridge two metal centres 
with significant exchange interactions, whereby each metal can be tris(chelated), hence 
exhibiting a propeller-like chiral structure of D3 symmetry, with ∆ or  configurations, Figure 
1.27.67 Because the chirality of one propeller structure [()-M(∆)-M’] layer can be exactly 
compensated by the one of the neighbouring [(∆)-M()-M’] layers, Figure 1.27, this can lead to 
an overall achiral structure. Methyl-(1-methylpropyl)di(n-propyl) ammonium cations [N(CH3)(n-
C3H7)2(s-C4H9)]+ were used to template the enantioselective formation of a bimetallic 
[MnIICrIII(ox)3]− network in this case. 
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Figure 1.27. Chirality in the 2-D oxalate-based magnets 1.16 that constitute the anionic layers.65 
 
  
This led to the formation of a 2-D honeycomb layer of stoichiometry [N(CH3)(n-C3H7)2(s-
C4H9)][MnCr(ox)3] Figure 1.28. 65 
 
Figure 1.28. (Left), 2-D honeycomb layer of [N(CH3)(n-C3H7)2(s-C4H9)][MnCr(ox)3]. (Right), 
molecular structure of [N(CH3)(n-C3H7)2(s-C4H9)][MnCr(ox)3] 1.17.65 ‘’Reprinted with 
permission from reference 65. Copyright (2008) Nature publishing group.’’  
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 The chirality of the crystals was confirmed by natural circular dichroism (NCD) 
experiments, Figure 1.29. The magnetic properties of the two enantiomers of [N(CH3)(n-
C3H7)2(s-C4H9)][MnCr(ox)3] 1.17, indicate ferromagnetic exchange interactions between the 
Mn(II) and the Cr(III) ions below a critical temperature of 7 K.65 This complex is the first 
example of a compound for which magneto-chiral dichroism was measured in the ferromagnetic 
phase. 65 The oxalate did not only mediate the magnetic interactions between the Cr(III) and 
Mn(II) metal ions, but it also controlled the absolute configuration of the metal centres. Studies 
of this compound show an enhancement of the MChD signal by a factor of 17 from 11 K to 3 K, 
as the complex transition from the paramagnetic to the ferromagnetic phase. This indicates that 
the thermal variation of MChD closely follows that of magnetism.67  
 
Figure 1.29. NCD measurements carried out on the two enantiomers of 1.17 showing both the 
positive and negative Cotton effects. 65‘’Reprinted with permission from reference 65. Copyright 
(2008) Nature publishing group.’’  
41 
 
1.5.2 Interplay between chirality and spin crossover 
The interplay between chirality and magnetism has shown interesting phenomena such as 
magneto-optical properties. The introduction of chirality into spin crossover compounds could 
also lead to novel properties. For example, as previously discussed, the high spin configuration at 
high temperature presents longer metal-ligand bond distances than the low spin configuration 
that becomes more stable at low temperatures.  A longer M-L bond distance for rigid bidentate 
ligands implies a smaller bite and since these results in a larger trigonal twist toward the trigonal 
prism, the transition from HS to LS configuration upon lowering the temperature produces a 
significant quantitative variation in molecular chirality.66  Since the optical rotation originates 
from the differences in refractive indexes it can be detected at much longer wavelengths than the 
absorption band and thus could find applications in high density optical data storage media with 
a non destructive readout property.  Despite these potential applications, the synthesis and 
structural characterization of chiral spin crossover systems as well as the study of the 
temperature dependence of their chiroptical properties remain mostly unexplored fields to-date. 
To the best of our knowledge there are just two examples of chiral SCO complexes reported in 
the literature. The first is a SCO complex prepared from an imidazole-containing ligand. 
Although the material itself is not chiral, the Fe(II) complex 1.18 crystallizes in the orthorhombic 
chiral space group P212121. 67  The complex was synthesized from the reaction of 2-
methylimidazol-4-yl-methylidene (H2L) and FeCl2. The Fe(II) ion adopts an octahedral 
coordination environment with six N donor atoms of two tridentate ligands, Figure 1.30.67 The 
complex is chiral due to the octahedral coordination of the two tridentate ligands linked via 
NH···Cl-···NH hydrogen bonds into a 1-D rod, Figure 1.31.67 Although complex 1.18 undergoes 
a thermal SCO in the solid state, no hysteresis was observed, Figure 1.32.67  
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Figure 1.30. Molecular structure of [Fe(H2L)2]2+ 1.18.67‘’Reprinted with permission from 
reference 67. Copyright (2009), Royal Society of Chemistry.’’  
 
 
 
 
Figure 1.31. Two adjacent complex cations [Fe(H2L)2]2+ are doubly bridged by two Cl- ions, Cl1 
and Cl2, through hydrogen bonds giving a chiral rod-like structure.67‘’Reprinted with permission 
from reference 67. Copyright (2009), Royal Society of Chemistry.’’ 
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Figure 1.32. χmT vs T plot for 1.18 showing a two-step spin transition for the solvated molecule, 
first run(∆), and an abrupt spin transition for the desolvated molecule, 2nd and 3rd run 
(▲).67‘’Reprinted with permission from reference 67. Copyright (2009), Royal Society of 
Chemistry.’’  
 
 Following on from these studies, a homochiral mixed-valence SCO compound was 
reported by Matsumoto et al.68 This complex was prepared via the assembly of  [FeII(H3L)]2+ and 
[FeIIIL],  (H3L= tris{[2-{(imidazole-4-yl)methylidene}amino]ethyl}amine) building blocks. 68 
Once again although the complex itself is not chiral, it crystallizes in the chiral space group P3. 
CD spectra of single crystals of the complex confirm the two enantiomeric CD patterns 
providing evidence that spontaneous resolution has occurred on crystallization. The structure of 
the complex consist of the mixed-valence [FeII(H3L)][FeIIIL](NO3)2 moieties, Figure 1.33.  
Mixed valence states can be used to gain access to several electronic states as a result of spin-
crossover in both the Fe(II) and Fe(III) centers, and supramolecular assembly can produce a 
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cooperative effect between the spin-crossover sites. In addition to a thermal spin crossover, this 
complex also displayed a LIESST effect. This complex is important because it is the first 
example of a complex for which optical, spin-crossover and mixed valence properties are 
incorporated within one single molecule. It should be pointed out that to the best of our 
knowledge there are no examples of chiral spin crossover complexes reported in the literature for 
which the chirality is ligand centered. 
 
 
Figure 1.33. Molecular structure of [FeII(H3L)][FeIIIL](NO3)2, showing the homochiral 2-D sheet 
with trigonal voids. The two complementary molecular building units having the same chirality, 
that is, the protonated species [FeII (H3L)]2+ ( enantiomer, orange) and the deprotonated species 
[FeIIIL] (∆ enantiomer, purple), which are linked by hydrogen bonds and arranged alternately in 
an up-and-down fashion.68 ‘’Reprinted with permission from reference 68. Copyright (2003) 
Wiley.’’  
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1.5.3 Interplay between magnetism and electrical conductivity 
Molecular conductors and superconductors have been the subject of much study since the 
discovery of metallic conductivity in the charge transfer salt TTF-TCNQ (where TTF = 
tetrathiafulvalene and TCNQ = 7,7,8,8-tetracyano-p-quinodimethane)  However, most of the 
compounds isolated have low critical temperatures and are low dimensional materials. 
Incorporating a magnetic moment and conducting electrons within the same material may lead to 
a simple combination of the two properties, if the two sublattices are non-interacting. It has been 
postulated that this hybrid approach might help not only to increase the dimensionality of the 
resulting compounds, but also help to stabilise the conducting state of the organic donors. 69 
Furthermore, the coupling of two or more properties within the same molecule can lead to a 
synergistic effect, where an external stimulus such as light, applied to one property, can 
indirectly affect the other and vice versa, even in cases where the two properties are mutually 
exclusive.70 Given these challenges, there is growing interest in synthesizing materials which can 
accommodate both localised spins and magnetic moments and a number of research groups 
worldwide are working towards achieving this goal. In this respect, the design of molecule based 
materials which possess two or more properties is an on-going challenge for this scientific 
community. Controlling the self-assembly of the molecular building blocks in an orderly manner 
to achieve the desired structural stability and physical properties has however proven to be a very 
difficult task for scientists working in this field.  
With respect to preparing conducting magnets, the class of organic donors most widely 
exploited are tetrathiafulvalene (TTF) and its derivatives, Figure 1.34.71 The success of TTF and 
its derivatives is largely attributed to the ability of their salts to form segregated stacks of a 
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partially oxidised form that support electron delocalisation.72 In this respect, their ability to form 
short S…S or Se…Se contacts in the solid state, facilitates conductivity.  
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Figure 1.34. TTF and selected derivatives used in the synthesis of magnetic conductors. Where 
1.19 = tetrathiafulvalene (TTF); 1.20 = bis(ethylenedithio)tetrafulvalene (BEDT-TTF or ET);  
1.21 = bis(ethylenediselenotetrafulvalene (BEST); 1.22 = bis(ethylenethio)tetrafulvalene (BET) 
and 1.23 = bis(ethylenedithio)tetraselenafulvalene (BETS). 
 
Figure 1.35 shows the common packing motifs adopted by the oxidized organic donor 
molecules. The packing in these molecules dictates their electronic properties, for example 
compounds that show metallic conductivity or superconductivity adopt the κ or β-type packing 
arrangements.73 
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Figure 1.35. Different packing motifs obtained for organic donor molecules such as 
tetrathiafulvalene (TTF) and bis(ethylenethio)tetrafulvalene (ET). 73 "Reprinted (adapted) with 
permission from reference 73. Copyright (1998) American Chemical Society." 
The synthesis of TTF was first reported by Wudl et al.74 A few years later, semi-
conducting properties were discovered for the charge transfer salt, [TTF].+Cl-74 and later, TTF-
TCNQ was shown to have metallic conductivity.75  Since then, TTF compounds have been 
widely exploited as electron donor components for the preparation of charge transfer and radical 
cation salts which show interesting conducting properties in the solid state.76 This is largely due 
to the fact that TTF can be easily and reversibly oxidised to a radical cation within a narrow 
potential window, Scheme 1.1. In addition, the oxidation potential can be finely tuned by the 
attachment of electron-donating or electron-withdrawing substituents. 
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Scheme 1.1. The reversible redox chemistry of TTF which shows the reversible oxidation of 
unsubstituted TTF (E1 = + 0.34 and E2= + 0.78V vs Ag/AgCl in acetonitrile for the radical cation 
1.24 and dication 1.25, respectively).77  
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The TTF radical cation [TTF]·+ 1.24 is thermodynamically stable. The neutral TTF molecule 
1.19 is non-aromatic, with a boat-like equilibrium structure and C2ν symmetry, Figure 1.36.77 On 
the other hand, the radical cation 1.24 and dication 1.25 are aromatic due to the 6π-electron 
heteroaromaticity of the 1,3-dithiolium cation which has a planar D2h symmetry.77 There is very 
little energy associated with folding the neutral TTF molecule along the S…S axes which leads to 
the variety of conformations reported in the literature for neutral TTF molecules.77  
 
Figure 1.36. Boat-like conformation of TTF.77 
 
1.5.4 Oxidation of organic donor molecules 
The stacking of planar molecules with π-conjugated orbitals generates two bands, a 
HOMO-based valence band and a LUMO-based conduction band whose bandwidths depend on 
the degree of intermolecular interactions. No free carrier however exists in the conduction and 
valence band and in order to generate electrical conductivity in the donor molecule, electrons 
have to be injected, or holes created by partial oxidation/reduction or forming charge transfer 
salts.4 Charge transfer salts result from the partial charge transfer between a donor and an 
acceptor molecule. The oxidation of a donor molecule can occur in the two ways;  
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Chemical oxidation 
This method involves the direct oxidation of the molecules by an oxidizing agent such as 
iodine or bromine. Control over direct oxidation is difficult and often leads to a mixture of 
partially oxidised species with different stoichiometries. Crystals obtained through this method 
are often of low quality.4 
Electrocrystallization  
Electrocrystallization is a technique used to prepare high quality conducting salts in 
crystalline form by applying a current. The technique involves passing current through a pair of 
platinum electrodes in an electrolyte solution containing the donor atoms. The electrochemically 
produced compound is desired to be insoluble in its final stage and during the process the 
compound is intended to grow on the electrode surface, Figure 1.37.78  If soluble, the generated 
radical species may diffuse into solution, but under suitable conditions of concentration, solvent, 
temperature, and current density, they will precipitate or crystallize on the electrode, sometimes 
associated with neutral molecules and/or counteranions. The electrolyte is typically introduced as 
a tetraalkylammonium or tetraphenylphosphonium salt to ensure its solubility in organic 
solvents. They serve as counteranions and constitute the cathodic side of the H-tube while 
maintaining charge balance. This method requires an electroactive species whose electro-
oxidation leads to a stable radical. The use of a stable and constant current source allows the 
number of electrons directed to the electrode to be fine tuned, thus providing control over the 
rate of crystal growth.79 
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Figure  1.37. Drawing of a typical electrocrystallization cell.79 ‘’Adapter from reference 79.’’ 
 The use of TTF as a building block was initially hindered by the challenges of 
synthesising TTF in reasonable quantities. However, with recent advances in synthetic 
chemistry, the situation has changed and TTF can now be synthesised in 20 g batches from 
inexpensive starting materials. 80  Futhermore, a lithiation/electrophilic substitution protocol 
provides substituted derivatives of TTF in high yields.78 
  With respect to the preparation of magnetic conductors, the first strategy exploited 
throughout the 1980’s was to introduce the magnetic properties in the form of a paramagnetic 
anion.81  In this respect, the introduction of d-electrons into an organic conductor can result in the 
creation of π-d interactions.84 This type of interaction is found in conventional metals such as 
iron with ferromagnetic properties. 82 , 83  The interplay between the localised spins on the 
paramagnetic metal, and the mobile π-electrons on the organic donor, could produce long range 
magnetic coupling.  The choice of the building blocks, together with the interactions found in 
their precursors, will affect the organization of these materials in the solid state. The solid state 
structure will therefore in turn dictate the physical properties of these materials. In consideration 
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of this, one important condition that has to be met to promote the interaction between the mobile 
electrons of the conducting network and the localised d-electrons  is a structural criterion that 
requires the oxidized donor molecules to stack in a manner so as to promote maximum overlap 
of their -orbitals. 84  In this respect, the stacking of these molecules is favoured when the donor 
molecules are partially oxidised. This enables them to form stacks and delocalise their π-
electrons, thus promoting the metallic state.84 Close contacts are also desirable between the 
organic network and inorganic counterions. If one is seeking a 3-D magnetic ordering, then 
interaction between the localised spin is not necessary. What is important is that the π-d 
interactions propagate in three dimensions and the π-d interaction polarizes the localised spins, 
Figure 1.38.84 Also, delocalisation of the localised spin of the transition metal over the ligand 
atom must be high enough and the spin density map must cover the atoms involved in the 
contacts. 
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Figure 1.38. Through space interaction of conducting π-electrons with localised spin resulting in 
a ferromagnetic alignment of the localised spins.84 Adapted from figure 2, reference 84.  
This approach has afforded materials that exhibit a wide range of physical properties that include 
superconductivity and metallic behaviour. A selection of the paramagnetic anions that have been 
explored for this purpose are presented in the next section. 
1.5.5 Tetrahedral anions as counter ions 
Tetrahedral anions with the formula [MX4]n- were one of the first anions to be 
investigated as counter ions in the search for molecular conductors.74 Although a good number of 
salts formed with [MX4]n- ions were superconducting, 85  the majority of the salts obtained 
displayed semi-conducting to insulator properties.86 In the course of exploring the influence of 
charge/size ratio on the magnetic properties of salts using [MX4]n- as counter ions, several 
complexes were prepared and characterised.89 The compound (BEDT-TTF)CuCl4·H2O is an 
example of an organic charge transfer salt where evidence was found for metallic behaviour and 
ferromagnetism within the same molecule.92 Direct exchange interactions between the Cu(II) 
ions were ruled out as a mechanism for magnetic exchange interactions in the compound, due to 
the large Cu…Cu distances of about 8.5 Å.92 Indirect exchange interactions were found to be 
mediated via the free electrons of the BEDT-TTF conducting layer. While the system was 
metallic down to 200 mK, EPR measurements showed no evidence of cooperativity between the 
conducting electrons and the localised spins. 92 
The replacement of sulfur atoms by selenium has been used as a strategy for enhancing 
intermolecular interactions in organic donors. The larger selenium atoms increase dimensionality 
in the structure due to their more diffuse p-orbitals, by promoting interactions not only in the 
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molecular stacking direction, but also through lateral or transverse contacts.4 In this way multi-
dimensional interactions will increase the stability of the electronic carrier.4 Based on these 
advantages, Kobayashi et al. reported a series of salts formed from the BETS organic donor,87 
for example κ-(BETS)2FeIIIBr4 1.26 which showed an antiferromagnetic interaction at ambient 
pressure with TN = 2.5 K (TN is the temperature below which the spins are aligned in opposite 
directions with respect to each other).90 Two different types of crystals were obtained for 
(BETS)2FeCl4; a needle shaped λ-(BETS)2FeCl4 1.27 and a plate-shaped κ-(BETS)2FeCl4 1.28 
configuration. These two compounds show different packing arrangements, with 1.27 forming a 
stacked structure, Figure 1.39, and 1.28 forming face-to-face dimers of donors that are rotated 
about 90º with respect to each other, Figure 1.40.90  
 
Figure 1.39. Packing diagram of λ-(BETS)2FeCl4 1.27 showing the short Fe...Fe distances d1 = 
3.599, d2 = 7.633 Å for the counterions. ‘’Reprinted with permission from reference 90. 
Copyright (2000), Royal Society of Chemistry.’’  
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While 1.27 shows a metal-to-insulator transition at 8 K, 1.28 retains its metallic behaviour down 
to 2 K. Both compounds show antiferromagnetic interactions between their localised Fe(III) 
spins.  Due to the long Fe...Fe distances in these complexes, the magnetic interactions between 
Fe(III) centres were mediated by the conducting π-electrons of the organic BETS units.88, 89, 90 
 
 
Figure 1.40. Packing diagram of κ-(BETS)2FeCl4 1.28 showing face-to-face dimers, Fe...Fe 
distance d = 5.878 Å.90  ‘’Reprinted with permission from reference 90. Copyright (2000) Royal 
Society of Chemistry.’’  
1.5.6 Polyoxometalate (POM) counter ions 
Polyoxometalates are another class of anions that have been exploited as counter ions for 
the self-assembly of hybrid molecular conductors. They have been considered good candidates 
for a number of reasons: (i) polyoxometalates are soluble in polar solvents rendering them ideal 
for use in solution chemistry for the preparation of radical cation salts; (ii) because of their size 
and shape, they can influence the packing motif of the organic donor thus leading to new band 
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structures; (iii) they can form mixed valence salts; (iv) they can easily be reduced, and above all 
(v) they can act as ligands that incorporate one or more paramagnetic metal ions at specific sites 
of the polyoxoanion structure.91  An example of a polyoxometalate hybrid organic/inorganic 
molecule is the salt comprised of BEDT-TTF and the polyoxometalate anion 
[M4(H2O)2(PW9O34)2]10− (M = CoII, MnII) as the inorganic part.92 The Co2+ complex showed 
ferromagnetic interactions below 50 K, while the Mn2+ compound demonstrated 
antiferromagnetic interactions. Electrical conductivity measurements showed that both 
compounds were semiconductors.90 Another example of a polyoxometalate hybrid 
organic/inorganic molecule is the salt assembled from the organic donors ET or BETS, and the 
[SMo12O40]n- anion. 93  The resulting salts were isolated as ET8[SMo12O40]3·10H2O, and 
BETS8[SMo12O40]3·10H2O, for the ET and BETS donors, respectively. Both materials consist of 
layers of the organic donors and inorganic POM anions running perpendicular to the b-axis of 
the unit cell, Figure 1.41.  
 
Figure 1.41. Crystal structure of BETS8[SMo12O40]3·10H2O showing the alternating layers of 
the POM and the BETS molecules and the two different types of organic chains: I and II. Dotted 
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lines indicate intermolecular S··· S, S···Se, or Se···Se contacts.93 ‘’Reprinted with permission 
from reference 93. Copyright (2009) American Chemical Society.’’  
 Although the crystal data obtained for both donor molecules shows that they are 
isostructural, the two compounds show different conductivities.98 ET8[SMo12O40]3·10H2O is a 
semiconductor, with a room temperature conductivity of 1 S/cm, while the conductivity of 
BETS8[SMo12O40]3·10H2O increases with applied pressure, although no metallic conductivity is 
observed for this compound by applying pressures of up to 10 kbar.98                                                                                                           
1.5.7 Oxalate anions as counter ions 
The compound (BEDT-TTF)4[Fe(C2O4)3]·H2O·PhCN 1.29 containing a tris oxalate anion 
is the first example of a molecule-based superconductor with a critical temperature, Tc, of 8 K.94 
Two separate phases were obtained (plates and needles). The packing diagram shows alternate 
layers of BEDT-TTF cations and layers consisting of Fe(C2O4)33-, PhCN and H2O molecules, 
Figure 1.42.  
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Figure 1.42. Crystal packing of (BEDT-TTF)4[Fe(C2O4)3]·H2O·PhCN 1.29 showing the 
separation between the organic and inorganic layers.94‘’Reprinted with permission from 
reference 94. Copyright (1994), Royal Society of Chemistry.’’ 
Resistivity measurements on single crystals of both phases showed that while the plates were 
semiconductors, the needles showed metallic behaviour with a room temperature conductivity of 
102 S cm-1 and a superconducting state (state when the resistance becomes zero) at 8 K, Figure 
1.43.94 Magnetic susceptibility measurements on the superconducting phase revealed that the 
Fe(III) was high spin, and weak antiferromagnetic interactions were observed between the 
Fe(III) spins at low temperature.  
 
 
 
Figure 1.43. The onset of superconductivity in (BEDT-TTF)4[(H2O)Fe(C2O4)3]·PhCN 1.29. 
94‘’Reprinted with permission from reference 94. Copyright (1994) Royal Society of 
Chemistry.’’  
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Extending this strategy, the first example of a molecule based material with electrical and 
magnetic properties in the same molecule was reported by Coronado et al. in 2000.95 In this 
respect, the coexistence of metallic and ferromagnetic sublattices was found in (BEDT-
TTF)3[MnCr(C2O4)3].95 Crystals of this salt were prepared via electrocrystallization to obtain a 
material that consists of organic layers of BEDT-TTF cations alternating with honeycomb layers 
of a bimetallic oxalato complex [MnCr(C2O4)3]-, Figure 1.44c. The approach here was novel in 
that the voids in the 2-D honeycomb network, Figure 1.44a, of the anionic lattice contain the 
oxidized organic BEDT-TTF donors, hence the lattice has aided the organization of these donors 
into a regular stacking arrangement that promotes conductivity, Figure 1.44b. 95 
 
Figure 1.44. Molecular structure of the hybrid material a) the honeycomb bimetallic network 
[MnCr(C2O4)3]-  b) structure of the  BEDT-TTF showing the stacking arrangement c) view of the 
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hybrid molecule along the c-axis, representing alternating inorganic-organic layers.95 ‘’Reprinted 
with permission from reference 95. Copyright (2000) Nature publishing group.’’  
 
This compound displays ferromagnetism below a critical temperature of 5.5 K, and has a room 
temperature conductivity of 250 S/cm. However, there was no evidencee for any interplay 
between the metallic and ferromagnetic sublattices.95 
Although many attempts have been made to prepare compounds where the π-d 
interactions are through space, most of the materials displayed weak interactions between the 
localised spin on the metal atoms and the delocalised spins on the organic donor.100 Given these 
challenges, an alternative approach for the realization of magnetic conductors is to covalently 
link the spin bearing and conducting components. In this respect, two strategies have been 
developed, the first is to prepare organic magnetic conductors where the localised spins are 
located on stable organic radicals such as verdazyl radicals,96,97,98 and the second is to prepare a 
covalently linked -d system where the unpaired electrons on the d-transition metal ions are 
covalently attached to the organic donors.  
1.5.8 Covalently linking the organic unit with an inorganic lattice 
 As outlined above, the aim of this approach is to covalently link the organic donor unit 
with the magnetic inorganic lattice, Figure 1.45.84 This approach is often referred to as the 
through bond strategy. There are a number of factors that work in favour of such an approach: (i) 
covalently linking two sublattices is expected to produce stronger interactions; (ii) since the 
supramolecular architecture now consists of just one building block, there are less degrees of 
freedom; (iii) the self-assembly process of the π-carriers governs the final structure of the 
material, 99  and (iv) the most important advantage of the through bond strategy is the 
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enhancement of the strength of the π-d interactions, which remain relatively weak when they 
occur. Following the second approach, many TTF complexes have been prepared and 
characterised. Some are obtained as neutral complexes (mononuclear or polynuclear complexes), 
while a few have been oxidised to afford radical cation salts.100  A wide variety of TTF ligands 
have been synthesized, but the focus of this review will center primarily on the pyridine based 
ligands and their coordination to paramagnetic transition metal ions. 101 
 
Figure 1.45. Through bond interaction of conducting π-electrons with localised d-spins. 
‘’Adapted from Figure 4 reference 84.’’  
 
A selective representation of these ligands is shown in Figure 1.46. Two principal types of 
pyridine donor ligands can be distinguished, the first in which the pyridine ligand is directly 
attached to a TTF donor, and the second where the pyridine ligands are connected to a TTF 
donor via linkers such as CH=CH, CH=N-, CH2-CH2, and C=C. One of the first pyridine-based 
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TTF ligands prepared and characterized in shown in Scheme 1.2. This synthesis was achieved 
via the high pressure (4500 atm) reaction of bis-2-pyridyl acetylene with CS2 at 100 0C, Scheme 
1.2. 102 
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Scheme 1.2. The synthesis of the first TTF-pyridine donor. 
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Figure 1.46. Selected TTF-derivatives used as ligands for the preparation of redox active 
complexes.  
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Mononuclear complexes 
Although the tetrapyridyl-TTF donor ligand 1.30 was the first to be prepared, it was not 
until 2001 that Ouahab et al. reported the first metal complex of a TTF-pyridine ligand 1.36 with 
Cu(II) affording the complex [Cu(hfac)2(TTF-CH=CH-Py)2] 1.38.103 Compound 1.38 consists of 
a two pyridine-bearing TTF donor ligands bound to a Cu(II) centre in a trans manner. Two hfac 
ligands are coordinated in the equatorial positions, resulting in the Cu(II) ion adopting a distorted 
octahedral geometry, Figure 1.47. This trans coordination mode has been found in other 
pyridine-based ligands, and could be due to steric effects.104,105 In contrast, coordination of the 
same ligand to Mn(II) ions afforded the cis-complex [Mn(hfac)2(TTF-CH=CH-Py)2] 1.39, Figure 
1.47.106 Electrical conductivity measurements carried out on single crystals of 1.38 and 1.39 
revealed that both complexes are insulators, as expected since the TTF donors are both neutral. 
Magnetic susceptibility measurements show that the complexes are paramagnets in the range of 
5 to 300 K, which suggest that there are little to negligible interactions between neighbouring 
metals ions in the solid state. 105 
   
 
 
 
 
 
Figure 1.47. Molecular structures of trans-[Cu(hfac)2(TTF-CH=CH-Py)2] (1.38) and cis-
[Mn(hfac)2(TTF-CH=CH-Py)2] (1.39).105  
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Electrochemical oxidation of the copper complex 1.38 to the radical cation was carried out at 
constant current, using [Bu4N]+[PF6]- in chloroform as the electrolyte. The shortest intradimer 
S....S contact in this complex was found to be 3.593 Å, which is shorter than the sum of the van 
der Waals radius for two sulfur atoms (3.65 Å).111 The central C=C bond length in complex 1.38, 
which is more sensitive to oxidation, increases from 1.369 Å in the radical salt, compared with 
1.317 Å for the neutral complex. The molecular structure of the oxidized complex consist of a 
TTF dimer separated by [PF6]- ions, Figure 1.48.111  
 
Figure 1.48. The packing diagram for [CuII(hfac)2(TTF-py)2]+[PF6]- a) alternative organic-
inorganic layers b.) Dimers of organic donor units separated by PF6- ions.105  
From the stoichiometry determined from the crystal structure, a mixed valence state comprised 
of [Cu2+(hfac)22-(TTF-py)2
·+] is found in the structure. The electrical conductivity measurement 
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carried out on a compressed pellet revealed that the salt is an insulator as a result of the 
dimerization of the TTF radicals. 111 
 Another approach to bring the source of the conducting electrons (TTF) closer to the 
localised d-electrons of the paramagnetic centre has been to use a bridging unit that can take part 
in coordination to the metal centre so as to promote π-d interactions. This idea led to the design 
by Pilkington et al. of the imine bridging ligand 1.32 that can coordinate to metal ions.107 
Coordination of 1.32 with CuII(hfac)2 afforded a mononuclear structure with two hfac and one 
TTF-C=Npy ligand chelated to a Cu(II) atom in a bidentate manner, Figure 1.49. 107  This 
compound crystallizes as a 1:1 complex, in contrast to the previously discussed 2:1 complexes 
reported by Ouahab.108,111 In this complex, the Cu(II) ion adopts a distorted  octahedral 
geometry, and forms a very long Cu-N2 distance of 2.690 Å, compared to other reported Cu-N 
distances. The magnetic susceptibility data shows this complex is paramagnetic.107  
 
Figure 1.49. Molecular structure of [CuII(hfac)2(TTF-CH=N-py)] 1.40 showing the bidentate 
chelation of TTF-CH=N-py.107 
Polynuclear complexes 
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Other TTF complexes have been made including carboxylates, 108  pyrazines,110 
acetylacetonates,109 bipyridines, 109  and pyrazole. 110  TTF pyridine ligands have also been 
exploited as ligands for the preparation of bimetallic111,112 and trimetallic  complexes.113 Ouahab 
et al. reported the first example of a trinuclear paramagnetic complex with a redox active 
ligand.118 The complexes [Co2M(PhCOO)6(TTF-CH=CH-py)2] 1.41, where M = CoII and MnII, 
displayed antiferromagnetic interactions between metal centers, Figure 1.50. No short S…S 
contacts were observed in the crystal packing of these complexes. 
 
Figure 1.50. Molecular structure of the trinuclear complex [Co2M(PhCOO)6(TTF-CH=CH-py)2] 
1.41. H-atoms and solvent molecules are omitted for clarity. 119 
A polymeric complex reported by Olivier et al.114 was prepared via the electrocrystallization of 
2,3,6,7-tetrakis(2-cyanoethylthio)tetrathiafulvalene (TCE-TTF) 1.33, with different metal ions 
(MnII,CoII, CdII and ZnII). The crystal structures obtained for all four complexes were 
isostructural, and revealed that the complexes consist of oxidized TCE-TTF donors, covalently 
linked to the metal ions as a result of a metal–nitrile interaction, affording a polymeric complex. 
The complexes also formed a 2-D polymeric network, Figure 1.51. 
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Figure 1.51. Interactions between two 2-D polymeric networks, with short intermolecular S···S 
contacts. View along the b-axis of the unit cell.114 ‘’Reprinted with permission from reference 
114. Copyright (2008), Wiley.’’  
The Co(II) complex had short S···S contacts of 3.42 Å. The electrical conductivity measurement 
of the cobalt complex showed that it had semiconducting behaviour.119 Paddlewheel complexes 
have also been prepared from TTF-py based ligands and in this regard, dicobalt 116 and dicopper 
115  complexes have been obtained and characterised. In the dicobalt paddlewheel complex, 
Figure 1.52, the Co(II) atoms adopt a distorted square pyramidal geometry, bonded by four 
oxygen atoms of four benzoate ligands and a nitrogen atom of the pyridyl ring of the TTF 
donor.116 The Co….Co distance was found to be 2.69 Å and the Co(II) atoms are bridged by the 
benzoate groups. The complex showed weak metal-metal interactions between the Co(II) atoms. 
No short S...S contacts are found in the structure and the complex is an insulator due to the 
neutrality of the TTF-donors.116 
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Figure 1.52. Molecular structure of the [Co2(PhCOO)4(Me3TTF-CH=CH-py)2] 1.42 paddle 
 
wheel complex.116  
 
1.6 Recent developments 
Kolotinov et al. have shown that the careful selection of building blocks can favour 
ferromagnetic interactions in polynuclear TTF complexes such as 1.44. This compound was 
made via co-crystallizing 1.43 and TTF-CH=CH-py 1.36, Figure 1.53. 116 
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Figure 1.53. Structure of the building block used for the synthesis of a ferromagnetic complex 
 and the molecular structure of the copper complex 1.44.116   
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The compound demonstrated ferromagnetic interactions between the Cu(II) ions in the complex 
as shown in Figure 1.54. It was also found that the ligands attached to the metal core had little 
influence on the type of magnetic interactions observed.116 
 
Figure 1.54. χmT vs T plot of 1.44 showing ferromagnetic interaction in the complex, the solid 
line is the best fit for the data corresponded to J = +13.4(2) cm-1, g = 2.159(2) and zJ' = +0.731(7) 
cm-1 (R2 = 1.2 X 10-4) where R2 = ∑(χmTcalc. – χmTobs.)2/∑(χmTobs.)2).116 ‘’Reprinted with 
permission from reference 117. Copyright (1994) Royal Society of Chemistry.’’ 
 
More recently there have been reports of the coordination of TTF-ligands to 4-d 
transition metal ions. 117, 118 Another not very well explored area is the coordination of TTF-
based ligands to rare-earth metal ions. Coordinating TTF-based ligands to rare-earth metals 
could add a second photophysical property to the compound in the quest for multifunctional 
materials, due to the luminescence properties of lanthanides. The first example of such a 
complex was recently reported using TTF carboxylate as a bridging ligand to obtain the 
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bimetallic complex [Gd(hfac)3(µ-TTF-COO)]2 1.45, 119 Figure 1.55. The Gd(III) ions lie in a 
distorted square antiprismatic environment of oxygen atoms, six belonging to three hfac anions 
and two belonging to two TTF-COO- ligands. From the analysis of the C=C and C-S bond 
lengths, this complex was found in the oxidised form.119 This may be due to the fact that the 
synthesis was carried under aerobic conditions. The complex forms a pseudo 1-D zig-zag chain, 
Figure 1.56. [TTF]·+COO- radicals form isolated dimers and so have a very small contribution to 
the magnetic susceptibility value.119 The complex is an insulator due to the strong dimerization of 
the TTF radical donor units. Nevertheless, this work shows that the possibility for the realization 
of a π-f complex is still an area open for exploration. 
 
Figure 1.55. Molecular structure of [Gd(hfac)3(µ-TTF·+-COO-)]2 1.45.120 ‘’Reprinted with 
permission from reference 120. Copyright (2009) Royal Society of Chemistry.’’ 
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Figure 1.56. Packing diagram of [Gd(hfac)(µ-TTF-COO)] 1.45, showing 1-D zig-zag chains. 
120‘’Reprinted with permission from reference 120. Copyright (2009) Royal Society of 
Chemistry.’’ 
Coordination of TTF-based ligands have also been reported for other lanthanides ion such as 
La(III) and Nd(III).120  TTF carboxylate has also been used to form dirhodium paddlewheel 
complexes121 and a 3-D coordination polymer. There have also been recent reports of TTF used 
to synthesize metal-organic frameworks.122 
1.6. Carboxamide ligands as building blocks for molecule-based materials  
The amide group (NHCO) is found extensively in nature, and has been known to play a 
vital role in the primary structure of proteins. Carboxamide ligands are a class of amides with the 
formula R-CO-NHR (where R = an organic substituent such as an aryl or alkyl group), Figure 
1.57. Chemists have been making use of carboxamide ligands for the construction of 
coordination compounds, due to the fact that metal complexes prepared from these ligands are 
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found in metalloproteins and glycopeptide antibiotics such as bleomycin.  Carboxamide ligands 
have also been used to synthesize a vast range of complexes with transition metal ions, and have 
interesting properties that have been exploited in areas such as catalysis, 123 the synthesis of 
molecular receptors,124  and the development of antitumor agents.125   
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Figure 1.57. Selected examples of carboxamide ligands. 
 
Amide groups are planar due to the fact that the C-N bond has 40 % double bond character and is 
in resonance with the C=O bond, Scheme 1.3.126   
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Scheme 1.3. The resonance forms of the amide group. 
 
The amide group has two potential binding modes; it can bind either through the oxygen 
or the nitrogen atoms.  The coordination modes of carboxamide ligands are most often predicted 
by the reaction media.131 In basic media, coordination through the nitrogen atoms occurs upon 
deprotonation of nitrogen, while coordination through the oxygen atom takes place if the 
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conditions are neutral.127 However, there are reports of Ni(II) and Cu(II)  complexes of urea 
carrying pyridine ligands in which the ligand is coordinated to the metal ion via the protonated 
amide nitrogen, while in the Zn(II) complex of the same ligand, the metal ion coordinates with 
the amide oxygen.128 Both theoretical and experimental studies suggest that upon coordination of 
the amide oxygen, the C-O bond becomes longer and weaker, while the C-N bond becomes 
shorter and stronger.126 Coordination of the amide oxygen increases the barrier to rotation of the 
C-N bond, while coordination of the amide nitrogen reduces barrier to rotation of the C-N bond. 
First row transition metal ions in solution facilitate deprotonation of the amide nitrogen.126 In 
contrast to neutral amides, substitution of an amide proton by metal ions leads to an increase in 
double bond character for the C-N bond and a decrease in double bond character for the C-O 
bond.  
The bottom-up approach, which involves designing and synthesizing materials using 
molecules as building blocks, is an efficient strategy for assembling molecular materials with 
well defined structures. In this light, coordination chemistry has been used as a tool for the 
assembly of 1-, 2- and 3-D structures which can be exploited for the design of magnetic, 
conducting, and non-linear optical materials among others. 129  Pyridine carboxamides are an 
important class of ligands that have been exploited in the field of supramolecular chemistry, 
Figure 1.58.  
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Figure 1.58. Selected examples of pyridine carboxamide ligands. 
 
The carboxamide ligand 1.51 has been used as building block for the synthesis of 
heterobimetallic complexes with Co3+ and Zn2+ ions. In this regard, Gupta et al. have synthesized 
a series of pyridine-amide complexes using 1.51 and 1.52 as ligands, Figure 1.59. 130  
 
Figure 1.59. Molecular structure of complex 1.53, left, and 1.54, right, showing the coordination 
mode of the ligands and geometry of the Co3+ ions.130 Reprinted with permission from reference 
130. Copyright (2003) Royal Society of Chemistry  
Their strategy was to use the N atom of the deprotonated amide together with the N atom of one 
the pyridine rings to chelate to one metal ion, leaving the other N atom of the pyridine ring 
‘hanging’ and available for coordination to a second metal ion. The objective of this approach is 
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to have an exposed Lewis acidic metal that can be used as a catalyst in organic reactions.  As  
expected, three deprotonated pyridyl carboxamide ligands 1.51 coordinate to a Co3+ ion in a 
bidentate fashion, forming a five membered ring with one pyridyl N and one amide N atom, 
Figure 1.59a. The Co3+ adopts a distorted octahedral geometry and is coordinated to 
deprotonated amide nitrogens in the equatorial plane and two pyridyl nitrogens in the axial 
positions, Figure 1.59a.131 Building on this result, ligand 1.52 was designed inorder to extend the 
network and increase the number of hanging pyridine rings and thus uncoordinated nitrogen 
atoms in the complex.131 The structure obtained was what was anticipated, with ligand 1.52 
coordinated to the metal ion in a tridentate manner via two deprotonated amide N’s and a 
pyridine N atom, Figure 1.59b.  The reaction of complex 1.54 with ZnCl2 resulted in a color 
change from brown to deep red. Two Zn2+ ions coordinate to the available pyridine rings and 
adopt tetrahedral geometries, Figure 1.60. 132  Zn1 is bound to two Cl- ions, while in the 
coordination sphere of Zn2, one of the Cl- ions is replaced by dimethylacetylene (DMA), which 
was used to recrystallize the complex. As in the precursor, both Zn(II) ions are located in the 
cleft created by the pyridine ring of the complex. The geometry around the central Co3+ ion is 
distorted octahedral, Figure 1.60. The average Co – Npyridine and Co-Namide bond distances are 
close to those of complex 1.54. 
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Figure 1.60. Molecular structure of the [Zn2Co] heterobimetallic complex.132 ’Reprinted with 
permission from reference 132. Copyright (2003) Royal Society of Chemistry 
 
An analogue of the pyridine-amide ligand 1.52 has also been employed to assemble a 2-D 
structure, with three of the four hanging pyridine N atoms coordinated to Zn(II) ions, Figure 
1.61.133  
 
Figure 1.61. View of the molecular structure of the analogue of 1.52; b) the 2-D network, view  
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along the b-axis.133 ‘’Reprinted with permission from reference 133. Copyright (2010) Royal 
Society of Chemistry.’’ 
N
OO
N
OO
NH HN
N N
HN
N O
NH HN
N N
1.57
1.60
1.58
N
OO
NH HN
1.59
 
Figure 1.62. Selected examples of pyridine carboxamide ligands. 
 
The pyridine-amide ligand 1.57 has been reported to coordinate to metal ions via the pyridine 
nitrogen atom and the oxygen atom of the carbonyl group, Figure 1.62.133 The reaction of two 
equivalents of 1.57 with one equivalent of Cu2+ or Zn2+ ions in the absence of a base afforded 
isostructural complexes of both metal ions. The structure of the Cu2+ structure is shown in Figure 
1.63. In both complexes, the ligand binds the metal in a bidentate fashion and occupies the 
equatorial position, while two water molecules occupy the axial positions.133 Both the Cu2+ and 
the Zn2+ ions adopt a distorted octahedral geometry with coordination to the N atom of the 
pyridine ring and the carbonyl O atom forming two five-membered chelating ring. The structures 
also show that the two amide oxygen atoms and two pyridyl nitrogen atoms are in the trans 
positions. The O(amide)–Cu–O(amide) and N(pyridyl)–Cu–N(pyridyl) angles are 180˚, and the 
two coordinated water molecules are also trans, so the O(water)–Cu–O(water) angle is also 
180º.133 
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 Ligand 1.58 has been used as a molecular cleft binding to Co2+ ions. This was achieved 
via the reaction of two equivalents of 1.58 with one equivalent of CoCl2 in the presence of a base 
to afford the paddle-like complex shown in Figure 1.64. During the reaction, the Co2+ is oxidized 
to Co3+.134 Two 1.58 ligands bind the Co3+ ions in a tridentate manner via the two deprotonated 
nitrogen atoms of the amide and the N atom of the central pyridine ring. The Co3+ ions adopt a 
distorted octahedral geometry. This example also demonstrates the ability of the pyridine-amide 
ligand to stabilize metals in high oxidation states.  Another example where pyridine-amide 
ligands were used to stabilize transition metal ions in high oxidation states was provided by the 
coordination of ligand 1.60 to Fe(III) ions.135  
Figure 1.63. The  molecular structure of the Cu2+ complexes of 1.57. ClO4- counter ions and H-
atoms have been omitted for clarity. 134 
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Figure 1.64. Molecular structure of the Co3+ complex showing its paddle-like nature (left). 
Schematic representation of the molecular cleft formed by the pyridine-amide ligand 1.58 around 
the Co3+ ions.135  
In this respect, the self assembly of polynuclear complexes has also been achieved by using 
ligand 1.58 together with, a cis-blocked square planar palladium centre, Figure 1.65.136 The 
ligand coordinates through the N-atom of the pyridyl ring, acting as a bridge between two Pd(II) 
centres. 
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Figure 1.65. Top view of the structure of Pd(II) complex 1.61 with hydrogen bonding to two 
triflate anions.136 
 
The complex exists as a square dimer, Figure 1.65. The complex forms a roughly square 32-
membered ring containing two palladium atoms, each of which carries a chelating dppm 
(PPh2CH2PPh2) blocking ligand.136  
As previously mentioned, carboxamides have also been exploited in the area of catalysis. Chavez 
et al. have shown that a series of cobalt complexes obtained from ligands 1.62 and 1.63, that can 
be exploited both for the stoichiometric and catalytic conversion of alkanes to alcohols, Figure 
1.66. 
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Figure 1.66. Ligands that have been used for the Co(III)-complex formation. 
 
In this regard, ligands 1.62 and 1.63 both coordinate a Co(III) ion in a pentadentate fashion, with 
two deprotonated carboxamide nitrogen atoms binding in addition to three pyridine, or one 
pyridine and two pyrazole, nitrogen atoms to afford complexes 1.66 and 1.67, respectively, 
Figure 1.67.137 The geometry around the Co(III) in both complexes is a distorted octahedral, with  
the cyclohexyl group adopting a chair conformation in complex 1.67. In warm dichloromethane, 
both complexes catalyze the oxidation of cylcohexane to cyclohexanol.137  
 
Figure 1.67. Molecular structures of 1.66 and 1.67, H-atoms have been omitted for clarity.137  
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Coordination of ligand 1.62 to other transition metal ions has also been investigated. Marlin et al. 
drew inspiration from the ligation of deprotonated carboxamide nitrogen atoms to Fe(III) centres 
in peptide backbones in nitrogenase, to study the binding of the pyridine amide 1.62 to Fe(III) 
ions.138 The resulting Fe(III) complex 1.68 was low spin and had exceptional stability, even in 
aqueous media such as water. The 2:1 ligand to metal complex, in which two 1.62 ligands are 
coordinated to Fe(III) via the Namide-Npyridine-Namide portion of each ligand, was always formed 
irrespective of the ligand to metal ratio, Figure 1.68. 138 
 
Figure 1.68. Molecular structure of [Fe(Py3P)2] 1.68.138  
 
Ligand 1.65 has been used to prepare a trimetallic copper complex by reaction of two equivalents 
of 1.65 together with three equivalents of Cu(II) acetate, Figure 1.69.139 The molecular structure 
of 1.69 reveals that the complex consist of two doubly deprotonated ligand molecules 
coordinated to three Cu(II) ions. The Cu3 at the centre of the complex is bound to the central 
pyridine of both ligands via N11 and N4, while the Cu1 and Cu2 ions are chelated by the 
carboxamide and pyridyl N atoms to form five membered CuC2N2 rings.139 
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Figure 1.69. Molecular structure of the trinuclear Cu(II) complex formed with 1.65.139  
 
 
Two µ2-acetato groups bridge adjacent copper centers [Cu1···Cu3 and Cu3···Cu2] to complete 
the molecular structure. The Cu1 and Cu2 ions both adopt a distorted trigonal bipyramidal 
geometry, with an N4O donor set. Cu3 adopts a distorted octahedral geometry.139 The inter-
copper distances are Cu1···Cu3 = 2.95 Å and Cu3···Cu2 = 2.900(2) Å. Magnetic susceptibity 
data revealed that the complex behaves as a simple paramagnet with very weak 
antiferromagnetic interactions between the Cu(II) ions at low temperature.139 
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Figure 1.70. Selected carboxamide ligands used in supramolecular chemistry 
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Amide ligands, Figure 1.70, have been well utilized in the self-assembly of supramolecular 
structures due to their ability to form hydrogen bonds. By exploiting intermolecular interactions, 
Biing-Chiau et al. have made rectangular structures from ligand 1.70, Figure 1.71, that are 
stabilized by intermolecular π···π interactions in the solid state. Reaction of one equivalent of 
ligand 1.70 with one equivalent of [dppmAu(NO3)2] (where dppm is 
bis(diphenylphosphino)methane), and an excess of LiClO4 afforded complex 1.75 shown in 
Figure 1.71.140 The Au(I) centers are all two-coordinate, each bound to pyridyl and phosphine 
ligands in an almost linear geometry with P-Au-N angles ranging from 171.3° to 179.6°.140 
Ligand 1.70 serves as a bridging unit and the complex crystallizes in a rectangular structure, 
featuring a 38-membered ring with four Au(I) ions at the corners,  and two 1.70 and two dppm 
ligands forming the edges.140  
 
Figure 1.71. Molecular structure of the Au(I) complex showing π···π interactions and some  
 
Au···Au contacts.140 
 
The intramolecular Au(1)···Au(2) distance is 3.1484(4) Å, which is less than the sum of the van 
der Waals radii for two Au(I) ions (3.32 Å), indicating the presence of aurophilic interactions.140 
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The ability of Au(I) to form weak bonding interactions has been exploited to form compounds 
with luminescent properties.141 The amide groups inside the rectangle hydrogen bond with each 
other, where the two inward N-H groups H-bond to the inward C=O groups. Additionally, two 
outward N-H groups are each hydrogen bonded to the O atom of a perchlorate molecule. There 
are also weak intramolecular - stacking interactions between pyridyl or phenyl rings of about 
4.0 Å. A Zn(II)-based supramolecular structure was synthesized from ligand 1.70 through an 
anion-directed synthesis. The type of supramolecular architecture formed was strongly 
dependent on the halide used in the synthesis.142 A 1-D coordination polymer was formed when 
Cl- or Br- ions were used, and a macrocycle was formed when I- was used. Rhenium complexes 
of the dipyridyl amide 1.70 have also been reported with 2- and 3-D structures.143 Interesting 
supramolecular coordination architectures have also been prepared from ligands 1.72 – 1.74, and 
their tridentate nature has led to their use as bridging ligands in crystal engineering studies. The 
presence of a three-fold axis in the ligand often results in the formation of crystals with void 
spaces which can act as hosts to accommodate guest solvent molecules or anions which can 
hydrogen bond.143 Single crystals of ligand 1.72 and 1.74 have been reported to show N-H···N 
supramolecular interactions which result in the formation of 2-D networks with hydrophobic 
channels.144 Complexation of ligand 1.72 with AgPF6 results in the formation of a 2-D network, 
with the Ag(I) centre lying on a three-fold axis of symmetry, coordinated to three nitrogens of 
the ligand in a trigonal planar geometry, 1.76 Figure 1.72.145 The Ag(I) centre shows a weak 
interaction with the F- ions on one side of the trigonal plane and the phenyl ring on the other side. 
In contrast to 1.72, ligand 1.74 forms a 3-D coordination network with Cd(II) ions.  
 
85 
 
 
Figure 1.72. Molecular structure of 1.76, left. Packing diagram of complex 1.76 showing the 2-
D network, right.145  
 
Figure 1.73. The octahedral geometry of the Cd (II) ions.  
The Cd(II) ions adopt an octahedral geometry with coordination to six nitrogen atoms from six 
ligands, leading to an open channel  7.5 Å in diameter, Figure 1.73.145 Another interesting amide 
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that has been used for supramolecular chemistry and crystal engineering studies is the tetraaza 
macrocycle 1.78, containing four N-pyridyl carboxamide groups, Figure 1.74.  
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Figure 1.74. Molecular structure of the tetraaza macrocycle 1.78. 
The macrocycle forms 2- and 3-D coordination polymers when reacted with ZnBr2 and CdX (X= 
Br, I), respectively. In the 2-D structure, the ligand is tetradentate and the Zn(II) ions adopts a 
tetrahedral geometry, coordinated to two bromide ions and 2N-pyridylcarboxamide ligands, 
Figure 1.75.146  
 
Figure 1.75. Molecular structure of complex 1.79. 146 
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Doubly hydrogen-bonding interactions also occur in the crystal packing between the solvated 
DMSO molecules and amide groups [N3–H···O3: N3···O3 = 3.041 Å, N5–H···O3: N5···O3 = 
2.913 Å]. As mentioned above, reaction of the ligand with CdX2 (X= Br, I) afforded a 3-D 
coordination polymer with the Cd(II) ions occupying octahedral sites. Both the bromo and the 
iodo complexes are isostructural. The octahedral Cd(II) ions are coordinated to two Br- or I- ions, 
and four bridging ligands, Figure 1.76. 
 As has been shown above, carboxamide ligands are a versatile class of compounds which 
can be used as ligands in coordination chemistry. Their important features include good σ-donor 
properties of the coordinated nitrogen, their ability to stabilize metals in high formal oxidation 
states, the relatively low chemical reactivity of the amide bond, and the ease of synthesis of the 
free carboxamide.147  
 
Figure 1.76. Molecular structure of the Cd (I) complex 1.80.147  
 
Despite precedence in the literature concerning the coordination chemistry of carboxamide 
ligands, there have been very few studies concerning the magnetic properties of their 
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complexes.137 One of the goals of this research was to design and synthesize new carboxamide-
base ligands that could potentially be exploited as building blocks for the assembly of molecule-
based magnetic materials.   
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Chapter 2 - Results and Discussion : Ligand Design for Molecule-Based Magnets 
This section describes the use of 4,4’-bipyridine as a scaffold for the preparation of a new family 
of tetracarboxamide ligands and as a starting material for the preparation of a class of N3O2 
macrocycles. Covalent modification of the organic framework of a pentadentate N3O2 
macrocycle was then investigated as a strategy for the preparation of new spin crossover 
complexes targeting dual property systems where magnetic properties are combined together 
with ligand centered chirality. 
2.1 Introduction  
Designing ligands incorporating 4,4’-bipyridine spacers into the backbone is an approach 
that has been widely used in the field of coordination chemistry.148,149,150 The objectives of the 
first part of this project are the synthesis of a new family of  polydentate  4,4’-bipyridine 
carboxamide ligands and the study of their coordination chemistry together with first row 
transition metal ions. The ability of pyridine carboxamide ligands to form a number of 
coordination complexes with various structural topologies and geometries has been discussed in 
the introduction section of this thesis.125 A review of the literature reveals that carboxamide 
ligands incorporating 4,4’-bipyridine spacers is a less well explored area of coordination 
chemistry. 151  This study concerns a new class of carboxamide ligand whose coordination 
chemistry could in the longer term be exploited together with paramagnetic transition metal ions 
for the synthesis of new families of molecule-based magnetic materials.  
The shorter term goals of this project were to develop a synthetic strategy to functionalise 
a 4,4’-bipyridine ligand by introducing additional binding sites into the 2  and 2’-positions of the 
pyridine rings and thus prepare a new family of bis-polydentate organic ligands. 4,4’-Bipyridine 
itself is classified as a rigid bridging ligand.152 The pyridine groups of the 4,4’-bipyridine ligand 
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can rotate about the C-C bond, but this rotation does not affect the orientation of the lone pairs 
on the pyridine nitrogen atoms available for coordination, Figure 2.1.  
 
Figure 2.1. Molecular structure of 4,4’ bipyridine. 
4,4’-Bipyridine was chosen for this project as a spacer since it has already been shown to be a 
good bridging ligand for the synthesis of metal-organic frameworks, 153 , 154  coordination 
polymers,155,156 and complexes with interesting electrochromic properties.157  The concept for 
this project evolved from earlier studies of the pyridyl carboxamide ligands 2.1 and 2.2, Scheme 
2.1.125  
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Scheme 2.1. Two examples of potentially tetradentate pyridine dicarboxamide ligands prepared 
by the condensation reaction of pyridine-2,6-dicarboxylic acid and i) 2-aminothiazole or ii) 2-
aminopyridine.125 
These ligands with their multidentate binding sites were initially reported to coordinate Cu(II) 
ions in different coordination modes.125 Later studies by Chavez et al demonstrated the ability of 
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this family of ligands to coordinate a variety of transition metal ions in different oxidation 
states.137 Since the pyridyl systems afforded a variety of new, interesting coordination 
compounds and the X-ray crystal structures of these complexes provided useful insight into the 
preferred binding mode of the ligands, we proposed to use this information as the foundation for 
a new study concerning the closely related 4,4’-bipyridine derivatives. In this respect, our 
objectives were to tether two of the known pyridyl systems back-to-back by covalently linking 
them via the para positions of their pyridine rings to afford a new family of bis polydentate 
ligands e.g. 2.3, where X is an appended heterocyclic ring with additional binding sites.  
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Figure 2.2. Molecular framework of a new family of tetracarboxaminde-4,4’-bipyridine ligands, 
where X is a heterocyclic ring. 
After deprotonation, these ligands should bind as anionic [N3X2]22- donors. Following this 
strategy, three new polydentate ligands L1 – L3 were prepared and characterized. The 
coordination chemistry of these ligands with selected transition metal ions has been investigated. 
The coordination preferences of the binding domains can essentially be tuned by varying the 
substituents at the 2 and 2’-positions of 4,4’-bipyridine rings and introducing different classes of 
heterocycles, Figure 2.2. This should in turn alter the molecular structure of the coordination 
complexes in the solid state and hence their physical properties. 
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The general synthetic strategy for the preparation of ligands L1 and L2 involves refluxing 
2,2’,6,6’-tetrachloroformyl-4,4’-bipyridine 2.7 with the appropriate amine derivatized 
heterocycle.  For ligands L1 and L2, the key intermediate in the synthetic pathway is 2,2’,6,6’-
tetrachloroformyl-4,4’-bipyridine 2.7. This was prepared in four steps from commercially 
available 2,6-Lutidine 2.4 following the procedure outlined in Scheme 2.2.158  The synthesis 
involves the reductive coupling of 2.4 by treatment with sodium in THF after which time sulfur 
dioxide gas is passed through the reaction mixture over a period of 5 h to afford 2,2’, 6,6’-
tetramethyl-4,4’-bipyridine 2.5 as a white solid in 80 % yield. Oxidation of 2.5 with CrO3 in 
H2SO4 afforded the tetraacid 2.6 as white solid in 67 % yield. The tetraacid was then converted 
to the acid chloride 2.7 by refluxing in a DMF solution of SOCl2 for 4 h. The desired acid 
chloride 2.7 was isolated as a violet solid in 65 % yield. The 300 MHz 1H NMR spectrum for 
this compound shows a singlet at 8.62 ppm for the four aromatic protons of the 4,4’-bipyridine 
and is consistent with literature.158b  
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Reagents and conditions: i) Na/THF ii) SO2 iii) CrO3/conc. H2SO4 iv) SOCl2, DMF, reflux, 4 h.  
Scheme 2.2. Synthetic route for the preparation of 2,2’, 6,6’-tetrachloroformyl-4,4’-bipyridine 
(2.7) 
After preparing 2,2’,6,6’-tetrachloroformyl-4,4’-bipyridine 2.7, the next stage of the 
project was to prepare and characterize the two carboxamide ligands L1 and L2. The general 
synthetic strategy involved refluxing 2.7 with the amine appended heterocycle, under nitrogen, 
Scheme 2.3.  
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Reagents and conditions: (i) 2-aminoethylpyridine, CHCl3, reflux overnight (ii) 2-aminothiazole, CHCl3, 
reflux overnight.  
Scheme 2.3. Synthetic route for the preparation of the tetracarboxamide 4,4-bipyridine  ligands 
L1 and L2. 
The first ligand L1 has four pyridine heterocycles tethered to the amide linkeage via ethyl 
linkers. This gives additional flexibility to the ligand, reducing π-π stacking interactions in 
solution, improving the overall solubility of both the ligand and its coordination complexes in 
organic solvents. The second ligand L2 contains four 1,3-thiazole heterocycles appended to the 
carboxamides via their C-2 carbon atoms. The thiazole heterocycle was chosen since examples 
of thiazole spacers used for the synthesis of multi-dimensional coordination polymers are fairly 
scarce in the chemical literature.159,160 In this respect, the heterocycle has both a hard N and a 
softer S binding site. The preparation of each ligand together with its coordination chemistry is 
presented in the next section. 
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2.2  Synthesis and characterisation of L1 
The bis-pentadentate ligand L1 was synthesised following the general strategy presented 
in Scheme 2.3, and isolated as a beige solid in 70 % yield. The IR spectrum of L1 shows a broad 
band at 3338 cm-1 attributed to the N-H str of the amide. The C=O stretch is observed as an 
intense band at 1673 cm-1. A band at lower frequency is found at 1529 cm-1 that can be assigned  
to a combination of C-N stretch and N-H bending modes of the amide.161 A medium intensity 
band at 1251 cm-1 can be assigned to the C-N stretch of the amide and is consistent with reported 
values for closely related pyridyl amide ligands.162 The absence of the N-H stretch above 3200 
cm-1 has been used as evidence for the deprotonation of the amide.127 The FAB mass spectrum of 
L1 shows a peak at m/z = 748, assigned to the protonated ligand [M+H]+. Finally, elemental 
analysis data for L1 is within the acceptable ±0.4% margin of error for 
[C42H40N10O4]·0.5CH3OH·H2O.  The electronic spectrum of L1 shows a band centered at λ = 250 
nm which can be attributed to the n to π* transitions of the carbonyl functionality of the ligand. 
The ligand is a strong field ligand that should stabilize low spin states of Mn(II) and Co(II) ions.  
2.2.1 Preparation and Characterization of Coordination Complexes of Ligand L1 
Bimetallic systems are important not only because of their usefulness in designing 
biomimetic models, but they have also been employed in catalysis since the first metal can tune 
and/or modify the catalytic properties of the second. Bimetallic systems are also useful building 
blocks for the self-assembly of molecule-based magnetic materials 32,41,163  
The next objective of this project was to explore the coordination chemistry of L1 and 
assess it suitability as an organic linker for the preparation of coordination complexes with 
interesting structural and magnetic properties. Four metal complexes of L1 have been prepared 
2.8 - 2.11 by stirring a solution of one equivalent of the ligand together with two equivalents of 
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the appropriate metal acetate salt, Scheme 2.4. Although the molecular structures of the four 
complexes are presented as 5-coordinate in Scheme 2.4, we could not also rule out that a sixth 
solvent molecule is bound to the metal ion, affording an octahedral geometry.   
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 Scheme 2.4. Proposed molecular structures of the four coordination complexes 2.8-2.11 
prepared from ligand L1. 
Experimental conditions for the coordination chemistry were determined by following the 
protocol reported for Cu(II) complexes of the closely related pyridine ligand 2.2. For this ligand 
it is reported that a solution of the metal acetate salt in methanol provides basic enough 
conditions for the deprotonation of the amide, thus favouring coordination through the lone pair 
on the amide N-atoms Figure 2.3, right.164  
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Figure 2.3. Molecular structure of the pyridyl carboxamide ligand 2.2 and its Cu(II) complex 
2.12.164  
Formation of the coordination complexes were accompanied by a colour change of the reaction 
mixture, hence all four complexes were initially characterized by UV-Vis spectroscopy. As 
previously discussed, the UV-Vis spectrum of ligand L1 has an absorption at  = 250 nm which 
is attributed to the n–π* transitions associated with the carbonyl chromophore. This band did not 
show any significant changes in position in the four coordination complexes, indicating the non-
involvement of the carbonyl oxygen atom in the chelation of the metal ions in these 
complexes,127 Figure 2.4. 
 
Figure 2.4. UV-Vis spectra for L1 (black) and its metal complexes in (2 x 10-6 M) methanol.  
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While the Co(II), Ni(II) and Mn(II) complexes showed no d-d transitions, the Cu(II) complex did 
show d-d transitions as two broad bands with a maxima at  = 620 nm (ε = 222 M-1cm-1) and a 
broad shoulder centered at  =  750 nm, see also Figure 2.16, page 114. 
2.2.2 Cobalt complex [Co2(L1)] 2.8 
The cobalt (II) complex 2.8 was prepared via the addition of one equivalent of ligand L1 
to two equivalents of Co(OAc)2.4H2O in methanol. No base was added and the complex was 
isolated as a brown solid in 65% yield. The UV-Vis spectrum of the complex is plotted as a deep 
red line in Figure 2.4 and shows a low intensity absorption at  = 256 nm, which can be assigned 
to the n to π* transitions of the ligand. The FAB mass spectrum of the complex shows a peak at 
m/z = 862, consistent with the formation of the deprotonated ligand coordinated to two Co(II) 
ions [Co2(L1-4H)]+. The IR spectrum of the complex shows a broad, intense band at 3420 cm-1 
consistent with the presence of water molecules in the crystal lattice. As mentioned above, the 
absence of the N-H str at 3329 cm-1 is evidence for coordination through the lone pair of the 
deprotonated amide nitrogen. Additional evidence for the coordination of the amide N is 
provided by the red shift in the ν(C=O) str when compared to the free ligand.150 The weakening 
of the C=O str is consistent with structural studies of amide complexes of first row transition 
metal ions which typically show longer C-O and shorter C-N bond lengths on coordination 
through the lone pair of their deprotonated amide nitrogen atoms.165 Acetate ligands bound to 
transition metals ions typically give distinct bands in the IR between 1600 and 1400 cm-1 which 
can often be used to characterize their coordination modes.165 For this complex, the bands in this 
region were very broad, making their assignment and detailed interpretation problematic.159 In 
terms of charge balance, if the ligand is fully deprotonated and coordinated to two cobalt ions via 
its nitrogen donors, then it is unlikely that an acetate anion would take up one of the coordination 
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sites of the metal ion. Unfortunately, no single crystals of this complex could be grown to fully 
elucidate its molecular structure in the solid state. However, the following EPR and magnetic 
susceptibility data shed light on the possible coordination geometry and spin states of the Co(II) 
ions in the complex.  The room temperature EPR spectrum of a DCM solution of the Co(II) 
complex 2.8 is presented in Figure 2.5 and is in agreement with an S = 1/2 system, which is 
consistent with a low spin Co(II) ion with 5-coordinate square pyramidal geometry, where the 
unpaired electron is in the dz2 orbital.166  The three g-values extracted from the EPR spectrum are 
due to the slow tumbling of the molecules in solution which retain some of their orientation in an 
applied field. 
 
Figure 2.5. Room temperature EPR spectrum of a powder sample of [Co2(L1)] 2.8. 
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Although one might expect the coordination chemistry of the Co(II) ions to favour 
octahedral geometry, the closely related pyridyl ligand 2.2 coordinates Co(II) ions in a 
pentadentate manner in its N5 binding cavity.  In the absence of any crystallographic data, it 
seems reasonable to propose that the coordination environment of the two Co(II) centres in the 
complex are most likely somewhere between square pyramidal and trigonal bipyramidal,137,138 
Figure 2.6.  
 
Figure 2.6. Relationship between trigonal bipyramidal and square pyramidal geometry. Where 
M is first row transition metal ion. 
The magnetic susceptibility data for the Co(II) complex 2.8 is presented in Figure 2.7. 
The complex has a room temperature χT value of 0.92 cm3 K mol-1 per Co(II) which is much less 
than the value expected for a high spin S = 3/2 ion (1.876 cm3 K mol-1), but substantially larger 
than that expected for an effective S = ½ ion with g = 2.0 (0.375 cm3 K mol-1). This apparent 
discrepancy is readily resolved by an examination of the magnetism of low spin Co(II) ions 
which reveal magnetic moments in the region of 0.85 cm3 K mol-1 due to residual orbital angular 
momentum which give substantial deviations in g from the free electron value of 2.0. For 
example, the 5-coordinate Co-salen type complex exhibits a spin crossover with a value T of  
0.82 emu K mol-1 in the low temperature region, 167  whereas the extended metal organic 
framework structure Co(BDP) where BDP is 1,4-benzene-dipyrozalate, has a square planar 
geometry and a room temperature T value of 0.85 emu K mol-1.168 Similarly, the low spin 
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tetrahedral Co(II) ion in Co octaethylporphyrin has g = 2.78 consistent with a large residual 
orbital contribution to the magnetic moment.169 A plot of 1/ vs T, Figure 2.7 (inset) reveals that 
2.8 exhibits Curie-Weiss behaviour down to 50 K with C = 0.984 emu K mol-1, consistent with S 
= ½, g = 3.24 and  = -19 K. The negative Weiss constant may be indicative of antiferromagnetic 
exchange between Co(II) centres since an S = ½ ion does not exhibit zero field splitting in the S 
= ½ state. 
 
 
 
Unfortunately, although numerous attempts to grow single crystals of this complex for X-
ray diffraction were made, only microcrystalline powders have been isolated to-date. To 
summarise, the IR and mass spectroscopy data coupled with magnetic susceptibility 
measurements are consistent with the formation of a 2:1 metal-to-ligand complex comprising 
two low-spin Co(II) metal ions with g-values consistent with a large deviation from the free 
electron value due to residual spin-orbit coupling in the ground state. The value of χmT at room 
 Figure 2.7.  χT vs T plot for [Co2(L1)] 2.8;  inset: Curie-Weiss behaviour of 2.8. 
102 
 
temperature indicates that the coordination geometry of the two Co(II) ions is most likely 
distorted five-coordinate, resulting in a non degenerate ground state and an orbital contribution to 
the magnetism. The proposed molecular structure of the complex is shown below and is also 
supported by the CHN elemental analysis data. 
N N
N
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N
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Co Co
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2.2.3 Nickel complex [Ni(L1)] 2.9 
The Ni(II) complex 2.9 was prepared following the general protocol, once again no base 
was added. The complex was isolated as a red solid in 40 % yield.  Unfortunately, no single 
crystals suitable for X-ray diffraction could be obtained to elucidate the molecular structure of 
the complex.  The UV-Vis spectrum of the complex is presented as an orange line in Figure 2.4, 
It shows a high intensity band at  = 260 nm consistent with ligand n to π* transitions. In 
contrast to the previously discussed Co(II) complex, a second band at  = 370 nm assigned to the 
 to π* transitions of the ligand is also observed.170 The IR spectrum of the Ni(II) complex is 
almost superimposable with that of the previously discussed Co(II) complex  2.8. The C=O str is 
once again red shifted when compared to the free ligand. CHN elemental analysis data could not 
be fit within the +/- 0.4 % margin of error for a 2:1 metal to ligand complex.  In contrast with the 
previous complex, an investigation of HS nickel(II) complexes by EPR spectroscopy is 
problematic because of the large zero-field splittings, which impede conventional X-band (9 
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GHz) and Q-band (35 GHz) EPR measurements and HS nickel(II) complexes are for the most 
part considered to be “EPR silent”. Magnetic susceptibility data were however collected on a 
microcrystalline sample of 2.9 in an applied field of 2000 G, Figure 2.8.  
 
 
 
 
 
 
 
 
 
 
Figure 2.8. χmT vs T for plot for [Ni(L1)]·MeOH·6H2O  2.9 with (inset 1/m vs T dependence). 
The solid red line represents the best fit to Curie-Weiss behaviour.  
The data were corrected for sample diamagnetism. The sample exhibited Curie-Weiss behaviour 
(C = 1.04 cm3 K mol-1,  = -2.3 K) down to the base temperature of 5 K, consistent with a single 
S = 1, Ni2+ ion with g = 2.04. The temperature independent nature of T down to ca. 15 K 
appears consistent with an octahedral geometry in which the orbital contribution to the magnetic 
moment is quenched. The small negative Weiss constant may reflect weak antiferromagnetic 
interactions between NiII ions, or some local single ion anisotropy.  
A paramagnetic high-spin ground state (HS) with  S = 1 in nickel(II) (3d8) is common for 
six-coordinate octahedral, five-coordinate trigonal bipyramidal/square pyramidal, and four-
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coordinate tetrahedral geometries. 171  Unfortunately, without the molecular structure of the 
complex it is not possible to come to a more definite conclusion regarding its structural topology, 
although the tetrahedral geometry will have a 3T configuration and the orbital contribution would 
most likely give rise to a more marked temperature dependence. The magnetic properties are 
however consistent with at least one Ni(II) ion coordinated to the ligand and evidence for the 
formation of a  1:1 complex is further supported by the elemental analysis data which is a much 
more reasonable fit for a 1:1 complex with stoichiometry [Ni(L1)]·CH3OH·6H2O. 
2.2.4 Manganese complex [Mn2(L1)] 2.10 
The Mn(II) complex 2.10 was prepared following the previously reported general method 
and obtained as yellow solid in 50 % yield.  The solid was recrystallized from 
MeOH/diethylether, but repeated attempts to grow suitable crystals of the complex for X-ray 
diffraction were unsuccessful.  The UV-Vis spectrum of 2.10 is similar to the Co(II) complex 
and shows an absorption band at  = 250 nm. The IR spectrum shows a broad band at 3442 cm-1 
assigned to the O-H str of lattice water molecules.170  The amide C=O str is present at 1595 cm-1, 
The FAB mass spectrum shows a peak at m/z = 654, which can be assigned to the fragment ion 
[Mn2(L1-4H)]+. The large amount of stabilisation energy associated with maximising the number 
of coparallel spins for Mn(II) S = 5/2 tends to strongly favour the high spin d5 configuration. 
Whilst some examples of low spin Mn(II) are known such as [Mn(CN)6]4-, there is a strong 
tendency for the high spin configuration and in this respect, low spin Mn(II) complexes are rare. 
EPR spectroscopy offers a potential probe to examine the electronic structure of MnII ; for the 
high spin configuration the electron density associated with the 6A term is spherically distributed 
and the EPR spectrum is typically close to cubic (gx ~ gy ~ gz) and very close to the free electron 
value (2.0036) due to the absence of any orbital angular momentum. For the low spin (t2g5) 
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configuration, the 2T term exhibits residual orbital angular momentum, leading to a larger g-
anisotropy and deviation from ge. For example Mn2+ doped in RuS2 was found to exhibit g = 
2.135,172 whereas a more closely related Mn(II) macrocycle exhibited g1 = 2.06, g2 = 2.03 and g3 
= 1.91.173 The room temperature solid state X-band EPR spectrum of a microcrystalline sample 
of 2.10 revealed a broad singlet (Hpp = 586 G) centred around g = 1.968, more consistent with 
low spin Mn(II), Figure 2.9.  
 
Figure 2.9. Room temperature EPR spectrum for a powder sample of [Mn2(L1)] 2.10 at room 
temperature. 
 
The broadness of the EPR spectrum unfortunately means that any g-anisotropy is not 
resolved which would provide a more detailed analysis of the spin configuration. The variable 
temperature magnetic susceptibility data for 2.10 follows Curie-Weiss behaviour down to the 
base temperature of 5 K with C = 1.30 cm3 K mol-1 per Mn(II) ion, Figure 2.10.  
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Figure 2.10. χmT vs T plot for [Mn2(L1)]·4CH3OH·0.5H2O 2.10 with (inset) 1/ vs T 
dependence. The solid red line reflects Curie-Weiss behaviour. 
This is much larger than the expected value of 0.375 for a low spin d5 system with S = 1/2, and g 
= 1.97 (C ~ 0.375 cm3 K mol-1), but substantially less than that expected for a high spin MnII ion 
with g = 2.0 (C = 4.375 cm3 K mol-1). One possible explanation is that the complex adopts a 
geometry such as trigonal bipyramidal or square pyramidal which may support an intermediate 
spin (S = 3/2) configuration (C = 1.875 cm3 K mol-1). Such spin configurations are not 
unknown,174 but difficult to fully justify in the current case in the absence of any structural data.  
The Weiss constant ( = -0.8 K) is consistent with weak antiferromagnetic exchange between 
MnII ions, or some small single ion anisotropy.     
To conclude, the IR and mass spectroscopy data are consistent with the Mn(II) ions 
forming a 2:1 complex with the ligand coordinating via its deprotonated amide N atoms. 
Unfortunately, single crystals suitable for X-ray diffraction analysis have not been obtained to 
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date for this complex. The molecular structure is needed in order to further elucidate the 
magnetic properties of the complex and confirm whether or not the geometry of the metal ion 
would stabilize an intermediate spin state for the Mn(II) ion. 
2.2.5 Copper complex [Cu2(L1)] 2.11 
The copper complex 2.11 was prepared following the general method and isolated as a 
blue crystalline solid in 60 % yield. Slow diffusion of diethyl ether into a methanol solution of 
2.11 afforded dark blue, single crystals, which were suitable for X-ray diffraction. Complex 2.11 
crystallizes in the monoclinic space group C2/c. The molecular structure of the complex is 
shown in Figure 2.11.  
 
Figure 2.11. ORTEP plot of the molecular structure of [Cu2(L1)] 2.11, with appropriate labelling 
scheme. The H-atoms have been omitted for clarity. 
 
Only half of the molecule is crystallograpically unique, the other half is related by an inversion 
centre, located at the centre of the C11-C11A bond. The structure confirms that all four amide 
nitrogen atoms are deprotonated and chelated to the Cu(II) ions. Both Cu(II) centres adopt a 
distorted square pyramidal geometry, coordinated to two deprotonated amido nitrogens, a 
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nitrogen from the bipyridine ring, and the nitrogen from one of the appended pyridine molecules, 
in the equatorial plane. The axial position is occupied by a nitrogen atom from a second 
appended pyridine heterocycle. The two pyridyl rings of the 4,4’-bipyridine spacer are twisted, 
with a torsion angle of 23.6° between their best planes. The central pyridine rings on each side of 
the bipyridine backbone are co-planar where the deprotonated amido groups, and the two N-Cu-
N angles [N3-Cu-N2(79.9(10)º) and N3-Cu-N4(79.6(10))º] associated with this portion of the 
complex are considerably less than 90°, Table 2.1. The N-Cu-N angles in the six-membered 
chelate rings are however close to 90° [N1-Cu-N2(87.3 (10)º), N4-Cu-N5(89.4 (10) º]. Deviation 
from an ideal square pyramidal geometry is obvious from the angle of the basal nitrogen atom 
(N3-Cu-N5(134.0 (10)º). The deviation of the Cu(II) ion from the mean equatorial plane 
composed of N2, N3, N4 and N5 is 0.527 Å. The deviation of the N2 to N5 atoms from the mean 
equatorial plane are 0.288, 0.378, 0.328 and 0.238 Å respectively. The average Cu-N bond 
distance is 1.988(3) Å, and is within the range reported for other divalent Cu(II) complexes.175 
The longer Cu-N1 distance of 2.150(3) Å corresponds to the Jahn-Teller axis which is common 
for Cu(II) complexes, reflected by weak axial Cu-N interactions. The Cu-N5 (pyridine) bond 
length of 2.084(3) Å is close to that reported for other Cu-N (pyridine) bond distances.164 In 
contrast, the Cu-N3 bond length is a little shorter than expected (1.934 (3) Å), which may be due 
the fact that it forms part of a five membered chelate ring with delocalised electron density. The 
coordination geometry of the Cu(II) ions  is very close to that reported in the literature for the 
corresponding mononuclear pyridyl derivative 2.2,164 Figure 2.3.  
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Table 2.1. Selected bond lengths [Å] and angles [°] for [Cu2(L1)] 2.11. 
Cu(1)-N(3) 1.934(3) Cu(1)-N(2) 1.991(3) 
Cu(1)-N(4) 1.984(3) Cu(1)-N(5) 2.084(3) 
Cu(1)-N(1) 2.150(3) O(1)-C(8) 1.235(4) 
O(2)-C(14) 1.240(4) N(1)-C(1) 1.347(4) 
N(1)-C(5) 1.353(4) N(2)-C(8) 1.329(4) 
N(2)-C(7) 1.461(4) N(3)-C(9) 1.319(4) 
N(3)-C(13) 1.334(4) N(4)-C(14) 1.335(4) 
N(4)-C(15) 1.458(4) N(5)-C(21) 1.333(4) 
N(5)-C(17) 1.343(4) C(1)-C(2) 1.383(5) 
C(18)-C(19) 1.383(5) C(19)-C(20) 1.364(5) 
 
The packing diagram for the complex is shown in Figure 2.12. The molecules stack as dimers, 
stabilized by intermolecular π···π interactions. The complex also displays C-H···π interactions in 
the solid state, where the shortest distances are 2.834 (2) Å, between the C14 atom of a 
bipyridine ring and the H2 atom of a pyridyl ring from a neighbouring stack. The structure is also 
stabilized by H-bonding interactions between the amide carbonyl oxygen and hydrogen atoms of 
a bipyridine ring, giving rise to C=O···H contacts of 2.490(1) Å. The distances between the two 
Cu(II) ions within a dimer are 10.821(8) Å, while the shortest inter-dimer distances between two 
Cu(II) ions are 7.877 (3) Å.  
N(3)-Cu(1)-N(4) 79.57(10) N(3)-Cu(1)-N(1) 123.16(10) 
N(3)-Cu(1)-N(2) 79.86(10) N(4)-Cu(1)-N(1) 103.80(10) 
N(4)-Cu(1)-N(2) 159.44(11) N(2)-Cu(1)-N(1) 87.34(10) 
N(3)-Cu(1)-N(5) 134.01(10) N(5)-Cu(1)-N(1) 102.82(10) 
N(4)-Cu(1)-N(5) 89.18(10) N(2)-Cu(1)-N(5) 105.37(10) 
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Figure 2.12.  Packing diagram of [Cu2L1] 2.11. View down the c-axis of the unit cell. The black 
dotted lines represent the shortest π···π contacts (2.834 (2) Å), inter-dimer Cu…Cu distances 
(7.877 (2) Å) and H-bonding interactions C=O···H (2.490 (1) Å).  
The EPR spectrum of a powder sample of complex 2.11 (Figure 2.13) reveals a rhombic 
symmetry, i.e. gx ≠ gy ≠ gz..  
 
Figure 2.13. EPR spectrum of [Cu2L1] 2.11 
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The pattern of g-values is sensitive to the nature of the orbital containing the unpaired electron. 
For 5-coordinate complexes the unpaired electron can either occupy the dz2 orbital under trigonal 
bipyramidal geometry, or the dx2-y2 orbital under square-pyramidal geometry. Using a 
perturbation approach, the g-value is given by: 
                g = 2 (1 – )                                                   (2.1) 
where  is the spin orbit coupling constant.  
For Cu2+  = -829 cm-1, so any deviation from the free-electron value for g will lead to g-values 
greater than 2.0. The degree of perturbation from the free electron value is inversely related to 
the energy gap () between the orbital containing the unpaired electron and the orbital which it 
mixes with through spin-orbit coupling. For square pyramidal geometry the magnetic orbital is 
dx2-y2 and we see (from the magic pentagon, Figure 2.14) that it will mix with dxy , dxz and dyz. 
Under square pyramidal geometry, of these it is the dxy orbital which is closest in energy to dx2-y2 
( is small) and therefore leads to the largest deviation from ge. If the structure is rigorously 
square pyramidal then the dxz and dyz orbitals are degenerate and the expected order of g values is 
therefore gz > gx = gy > 2.0, in excellent agreement with the experimental data (gz = 2.18, gy = 
2.11, gx = 2.08). Notably the alternative trigonal bipyramidal geometry offers a dz2 magnetic 
orbital and the magic pentagon reveals only mixing into dxz and dyz affording a pattern of g-
values gx = gy > gz = 2.0. Thus the anisotropic EPR data are consistent with the crystallographic 
analysis. The isotropic g-value is ca. 2.12, in good agreement with the magnetic susceptibility 
measurements. 
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SQUID magnetic measurements were made on a polycrystalline sample of 2.11 in an 
applied field of 1000 G between 1.7 and 300 K.  
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Figure 2.14. Crystal field splitting diagrams for square pyramidal and trigonal bipyramidal 
geometries and the magic pentagon. 
Figure 2.15. Temperature dependence of χmT for complex 2.11 (solid black line represents the 
best-fit to the Bleaney-Bowers equation with g = 2.12 and J = -2 K); inset: Curie-Weiss 
behaviour of 2.11.  
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The magnetic data reveal that 2.11 exhibits Curie-Weiss behaviour (Figure 2.15, inset) with C = 
0.845 emu.K/mol (0.423 emu.K/mol per CuII centre), consistent with two S = ½ ions with g = 
2.12, in excellent agreement with the EPR data of 2.11 (giso = (gx + gy + gz)/3 = 2.123). The 
Weiss constant  (-1.16) is indicative of weak antiferromagnetic exchange between CuII ions. 
Within the context of mean field theory (Eqn. 2.2),  is related to the exchange interaction J and 
the number of nearest neighbours (z) by: 
 = 2zJS(S+1)/3k                                           (2.2) 
For an S = ½ dimer, each spin has one nearest neighbour (z = 1), giving J/k = -1.16 K. A more 
formal assessment of the exchange interaction comes from modelling of the isotropic magnetic 
exchange using the Heisenberg spin Hamiltonian: 
                               Ĥ = -2J.Ŝ1Ŝ2                                               (2.3) 
The solution of this Hamiltonian for a system with S1 = S2 = ½ is described by the Bleaney-
Bowers equation.176  
                                         =           2Ng22                                                          (2.4) 
                          kT[3 + exp(-2J/kT)] 
A fit to this expression gives g = 2.12 and J/k = -2 K, in reasonable agreement with initial 
estimates based on mean field theory, Figure 2.14.  
In contrast to the other three complexes, the copper complex shows d-d transitions in the 
UV-Vis spectrum as a very broad band with a maxima at  = 620 nm (ε = 222 M-1cm-1) and a 
shoulder at  = 750 nm, Figure 2.16. The large extinction coefficient associated with the d-d 
transition(s) and the shoulder is indicative of the lower symmetry of 5-coordinate copper 
complexes, Figure 2.16. 164 
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Figure 2.16. UV-Vis spectrum of [Cu2L1] 2.11 in a 1.58 x 10-3 M CH2Cl2 solution, showing the 
d-d transitions at = 620 nm and the broad shoulder at 750 nm. 
2.3  Synthesis and characterisation of ligand L2 
Ligand L2 was synthesised following the general procedure. 164 In this respect, reaction of 
2,2’,6,6’-tetrachloroformyl-4,4’-bipyridine 2.7 and 2-aminothiazole in dry DCM under nitrogen 
afforded L2 as a brown solid in 95 % yield.  
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Ligand L2 is an air and moisture stable compound that has low solubilty in organic 
solvents. The 300 MHz 1H NMR spectrum of L2 is facile to interpret due to the symmetry of the 
molecule. The downfield peak at 13.5 ppm appears as a singlet and corresponds to the NH proton 
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of the carbocamide group. A singlet at 8.9 ppm is attributed to the 2-H proton of the 4,4’-
bipyridine spacer. The two sets of doublets at 7.7 and 7.4 ppm are assigned to the 7-H and 6-H  
protons respectively. The 13C NMR spectrum of L2 contains seven peaks at 162.3, 158.5, 149.3, 
138.8, 125.1, 115.3, 110.4 ppm, which are assigned to the carbon atoms 4-C, 6-C, 3-C, 1-C, 5-C, 
2-C and 7-C respectively. The IR spectrum of ligand L2 has many features in common with L1. 
A band at 3340 cm-1 is assigned to the N-H str and a band at 1674 cm-1 is assigned to the C=O str. 
The FAB mass spectrum of L2 shows a peak at m/z = 661 consistent with the protonated 
molecular ion [M+H]+. The UV-Vis spectrum of ligand L2 has an absorption at  = 260 nm 
which is assigned to the n–π* transitions associated with the carbonyl chromophore of the ligand.  
Single crystals of L2 suitable for X-ray crystallography were grown via the slow cooling 
of a saturated DMF solution and the molecular structure of the ligand was elucidated by X-ray 
diffraction. The ligand crystallizes in the triclinic space group P-1, with one half of two 
independent molecules in the unit cell. There is an inversion centre located at the centre of the 
C3-C3 and C11-C11 bonds of the 4,4’-bipyridine rings for molecules A and B respectively. Two 
independent DMF solvent molecules also crystallize in the unit cell. The molecular structures of 
the two independent molecules A and B are presented in Figure 2.17. As expected, the ligand is 
essentially planar with its carbonyl oxygen atoms oriented outwards from the central pocket. The 
torsion angle between the two pyridine rings of the 4,4’-bipyridine backbone are 0.03 and 0.02º 
for molecules A and B respectively.  A summary of the bond lengths and bond angles for L2 are 
presented in Table 2.2 and 2.3.  
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Table 2.2. Selected bond lengths [Å] for molecules A and B of L2.  
 
Table 2.3. Selected bond angles for Molecules A and B. 
Molecule A Bond angles Molecule B Bond angles 
C(1)-N(1)-C(5) 116.2(2) C(33)-N(10)-C(34) 116.0(2) 
C(9)-S(1)-C(8) 88.26(14) C(29)-S(2)-C(27) 88.35(15) 
C(12)-S(3)-C(11) 88.45(16) C(23)-S(4)-C(24) 88.35(17) 
C(6)-N(3)-C(8) 123.8(2) C(22)-N(11)-C(23) 122.1(3) 
C(11)-N(6)-C(13) 109.1(3) C(27)-N(14)-C(28) 109.5(3) 
C(14)-N(8)-C(15) 114.6(3) C(20)-N(9)-C(18) 116.4(4) 
 
An extensive array of short contacts and hydrogen bonding interactions are found in the crystal 
packing of the ligand molecules, predominantly involving the DMF solvent molecules, and the 
amide H and pyridyl nitrogen atoms of the ligand, Figure 2.17. The planar geometry of the 
molecular framework is stabilized by two intramolecular H-bonds between the pyridyl N atom of 
the 4,4’-bipyridine spacer and the amide protons such that for molecule A, N1···H5 = 2.376(3) Å 
Molecule A Bond length Molecule B Bond length 
C(1)-C(2) 1.388(4) C(31)-C(32)   1.389(4) 
C(1)-N(1) 1.336(4) C(33)-N(10)  1.333(4) 
C(4)-C(5) 1.388(4) C(30)-C(34)   1.389(4) 
C(5)-N(1) 1.342(4) C(34)-N(10)  1.341(4) 
C(6)-N(3) 1.362(4) C(22)-N(11)  1.356(4) 
C(8)-N(3) 1.386(4) N(11)-C(23)   1.391(4) 
C(8)-S(1) 1.731(3) S(4)-C(23)   1.727(3) 
C(11)-N(6) 1.304(4) N(14)-C(27)  1.296(4) 
C(14)-N(8) 1.437(5) N(9)-C(20)   1.428(5) 
C(17)-N(8) 1.287(5) N(9)-C(21)   1.313(5) 
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and N1···H3 = 2.265(3) Å, and for molecule B, N10···H12A = 2.313(3) Å and N10···H11 = 
2.400(3) Å, Table 2.4. 
 
 
Figure 2.17. Molecular structure of the two independent molecules A(top) and B(bottom) of 
ligand L2, together with the appropriate labelling scheme. Only the crystallographically 
independent atoms for each molecule are labelled. The dashed green lines represent H-bonding 
interactions.  
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Table 2.4. Selected Hydrogen bonding interactions for molecules A and B of ligand L2 
 
 
It has been revealed by X-ray crystallography and high-temperature 1H NMR 
spectroscopy that carboxamides often form hydrogen bonding networks in the solid state both 
intra- and intermolecularly, which are often retained  in DMSO solution at temperatures as high 
as 150 0C. 177  The crystal packing of L2 reveals that the molecules stack in a slightly offset head-
to-head arrangement of dimers, Figure 2.18. 
Molecule A 
 
Donor(D)̶̶-H···Acceptor(A) 
Interaction 
H -A  [Å]  D -A [Å] Angle D-H···A [º] 
N(3)  ̶ H(3)···O(6)      2.145   2.997(4)         157 
N(3)  ̶ H(3)···N(1)     2.265    2.670(4)         109 
N(5)  ̶ H(5)···N(1)     2.376 2.735(3) 106 
 
Molecule B 
N(12)  ̶ H(12A)···N(10)      2.313 2.702(4) 157 
N(11)  ̶ H(11)···O(7)     2.036 2.869(4) 167 
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Figure 2.18. Crystal packing diagram for L2 showing ligand molecules stacking as a herringbone 
arrangement of A-A and B-B dimers stabilized by - interactions running along the b-axis of 
the unit cell. The solvent molecules are omitted for clarity.  
Two crystallographically identical molecules make up a dimer pair stabilized by π…π stacking 
interactions with distances of 3.462(3) Å and 3.453(3) Å for A and B dimers respectively. The 
dimers are organized in a herringbone arrangement that run along the b-axis of the unit cell, 
Figure 2.18. This is the first time a pyridyl dicarboxamide ligand bearing two thiazole 
heterocycles has been structurally characterized, the half-pyridyl system 2.1 was previously 
prepared in 2004 by Woolins et al., but neither the ligand nor any coordination complexes were 
structurally characterized.125  
2.3.1 Synthesis of [Co2(L2)(H2O)4] 2.12 
The Co(II) complex was prepared by the reaction of ligand L2 with CoCl2 under nitrogen. 
The ligand was heated in DMF overnight, before the addition of base and metal salt due to its 
limited solubility in DMF. KOH was used as the base to deprotonate the ligand in order to 
facilitate coordination via the amide nitrogen atoms. It has been previously demonstrated that for 
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this class of ligand system, when reacting with a metal chloride salt, coordination through the 
amide nitrogen does not occur until a strong base is added.178   
 The Co(II) complex was obtained as a dark brown solid in 65 % yield. The complex 
showed the same n to π* transitions that were discussed previously for the coordination 
complexes of L1.  A band at 3461 cm-1 in the IR spectrum can be assigned to the O-H str of water 
molecules present in the crystal lattice. The NH str at 3340 cm-1 present in the ligand is now 
absent from the IR spectrum of the coordination complex, providing evidence that coordination 
has taken place through the amide N lone pairs. Furthermore, the red shift of the ν(C=O) str 
when compared with the uncoordinated ligand also supports amide N coordination.137 Variable 
temperature magnetic susceptibility measurements were carried out on a powder sample of 2.12 
in an applied field of 0.1 T, between 5 and 300 K, Figure 2.19. Above 50 K the sample obeys 
Curie-Weiss behaviour (C = 2.64 emu.K/mol,  = -36 K), expected for an S = 3/2 ion with g = 
2.375, consistent with the presence of residual orbital angular momentum, Figure 2.20. The 
negative Weiss constant might be indicative of antiferromagnetic interactions between CoII ions, 
although more likely associated with single ion effects. Indeed zero-field splitting of the S = 3/2 
manifold typically occurs to afford a Kramer’s doublet.179 In this case the low temperature data 
typically reflects an S = ½ ion, but with a g-value deviating substantially from 2.0 due to residual 
orbital angular momentum. 
121 
 
 
Figure 2.19. Temperature dependence of mT for complex 2.12. 
A fit to the low temperature data (T < 20 K) afforded a Curie constant of C = 1.10 emu.K/mol 
equivalent to S = ½ and g = 3.42 with  = -1 K, Figure 2.20. 
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Figure 2.20. Temperature dependence of 1/χ for [Co2(L2)(H2O)4] 2.12. The red line corresponds 
to the best fit to Curie-Weiss behaviour for T > 50 K, whereas the blue line represents the best fit 
to Curie-Weiss behaviour below 20 K (see text for parameters). 
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Interestingly, in comparison with the susceptibility data for the Co(II) complex of L1, this ligand 
stabilizes the high spin state of the two Co(II) ions which means that it is coordinating as a 
weaker field ligand than L1. In this case it seems reasonable to conclude that it is not 
coordinating the Co(II) metal ions in a pentadentate manner and more likely coordinating a 
tridentate ligand as shown in Figure 2.21. This also make sense if one examines the geometry of 
the ligand since it would be quite difficult for the thiazole ligands to adopt an appropriate 
orientation to coordinate the metal centre given the lack of flexibility in the bridging amide 
linkages. 
To summarize, IR and mass spectroscopy data is consistent with the formation of a 2:1 
metal to ligand complex. This is further supported by the CHN elemental analysis which is a 
good fit for [Co2(L2)(H2O)4]·1.75H2O·2CH3OH. A suggestion for the molecular structure of the 
complex is presented in Figure 2.21. In order to coordinate in this manner it is likely that the 
ligand rotates its heterocyclic thiazole rings away from the coordination plane and coordinates 
through its two deprotonated amide and pyridyl nitrogen atoms. Solvent or water molecules 
could then complete the octahedral coordination geometry around the two Co(II) centres. 
Unfortunately, suitable conditions for the growth of single crystals of this complex could not be 
established, so the full elucidation of its molecular structure has not been possible to-date. 
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Figure 2.21. Proposed structure for [Co2(L2)(H2O)4] 2.12 
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Although as discussed, there are no coordination complexes of the closely related pyridyl ligand 
2.13. In more recent years, there have been two reports concerning the synthesis and 
characterization of complexes of a closely related benzothiazolyl ligand 2.14.180 
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The molecular structure of the Co(II) complex of this ligand has been confirmed by X-ray 
diffraction studies.180b The Co(II) centre is in an octahedral environment with four deprotonated 
amide N-atoms in the equatorial plane and two pyridine N atoms in the axial positions.  Counter 
ions serve to balance the overall charge on the complex. It is worth noting that in this complex 
the ligand coordinates in a tridentate manner to the Co(II) ion, supporting our proposal that L2 
most likely coordinates in a tridentate manner, where the heterocyclic rings rotate away from the 
coordination sphere, Figure 2.22. 
 
Figure 2.22. Molecular structure of a Co(II) complex of N,N'-bis(4-methyl-2-benzothiazolyl)-
2,6 pyridinedicarboxamide. Counter ions are omitted for clarity.180b 
The extensive - stacking interactions of L2 in solution renders it virtually insoluble in 
conventional organic solvents, which made studies of its coordination chemistry problematic. 
124 
 
Similar problems were also encountered and reported for the coordination chemistry of the 
benothiazolyl deriviate 2.14.180b DMF is not an ideal solvent for carrying out coordination 
chemistry experiments since it is a coordinating solvent. Although attempts were made to isolate 
coordination complexes of L2 with a range of transition metal salts, the isolation and 
characterization of these complexes were problematic. For this reason we came to the conclusion 
that this particular ligand is not well-suited as a building block for the self-assembly of magnetic 
materials and its coordination chemistry was not pursued any further. 
 
2.4 Synthesis of ligand L3 
The final ligand investigated was L3, which was synthesised via the triphenylphosphite 
promoted condensation reaction between 3-aminopyridine and 2,2’,6,6’-tetracarboxylic-4,4’-
bipyridine. The ligand was isolated as a beige solid in a 60 % yield. The IR spectrum displays a 
broad band at 3215 cm-1 attributed to the N-H str of the amide functionality. The amide C=O str 
is visible as an strong band at 1690 cm-1. Bands corresponding to C-N str and N-H bending 
modes are observed at 1591 cm-1.161 The FAB mass spectrum shows a parent ion at m/z = 748, 
consistent with formation of L3. The 300 MHz 1H NMR spectrum of L3 displays a singlet at 11.3 
ppm assigned to the NH proton. The 2-H proton of the 4,4’-bipyridine spacer shows a singlet at 
8.8 ppm is assigned to the pyridyl 9-H proton. The two doublets at 8.8 and 8.5 ppm can be 
attributed to the pyridyl 6-H and 8-H protons respectively. Finally, the triplet at 7.5 ppm is 
assigned to the 7-H proton of the pyridine rings. Unfortunately, the insolubility of this ligand in 
organic solvents prevented us from collecting a reasonable 13C NMR spectrum to more fully 
characterize the ligand. CHN Elemental analysis data was an acceptable fit for proposed the 
molecular structure of the ligand shown below, Figure 2.23. 
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Figure 2.23. Structure of ligand L3 
2.4.1   Synthesis of [Co2(L3) (H2O)4] 2.15 
The Co(II) complex was prepared following the methodology previously described for 
the cobalt complex of L1. The complex was obtained as a pale green solid in 65 % yield. The 
UV-Vis spectrum of complex 2.15 shows a band at λ = 270 nm, assigned to the n to π* 
transitions of the carbonyl functionality of the ligand. A band at λ = 377 nm is also present 
consistent with the π to π* transitions of the ligand. This complex did not display any spin 
forbidden d-d transitions. The IR spectrum of 2.15 shows a broad band at 3386 cm-1 consistent 
with the O-H str of water molecules present in the crystal lattice. In the IR spectrum, the C=O str 
of the amide group is also red shifted by 16 cm-1 when compared to the free ligand.137 
Unfortunately, suitable conditions could not be found for the growth of single crystals of this 
complex in order to fully elucidate its molecular structure in the solid state. The magnetic 
susceptibility of the complex was measured in an applied field of 0.1 T between 5 and 300 K. In 
the high temperature region, (T > 50 K) the compound obeys Curie-Weiss behaviour with C = 
1.73 emu.K/mol per CoII centre, consistent with S = 3/2 and g = 3.84, and the presence of residual 
orbital angular momentum (Figure 2.24, inset).  The Weiss constant ( = -13.6 K) is consistent 
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with antiferromagnetic interactions or single ion behaviour arising from splitting the S = 3/2 state 
into a Kramer’s doublet. Below 50 K the magnetism deviates from Curie-Weiss behaviour. The 
temperature dependence of mT initially shows a decrease, comparable to other CoII complexes 
reported in this thesis, where the behaviour appears to be associated with some single ion effects. 
However, it reaches a shallow minimum at 44 K before increasing rapidly to 3.7 emu.K.mol-1 at 
7.7 K and then decreasing again on further lowering the temperature to the base temperature of 5 
K. 
 
 
This behaviour is consistent with local ferromagnetic interactions between the CoII ions. Both the 
absence of a crystal structure (to analyse potential through bond or through space exchange 
pathways) and the presence of significant single ion effects mitigate against attempts to model 
the magnetism in any quantifiable manner. The local maximum in T could be associated with 
some form of magnetic ordering, or the onset of local antiferromagnetic interactions between 
ferromagnetically coupled clusters or chains. Further ac and field dependent dc susceptibility 
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Figure 2.24. χT (per Co)  vs T for [Co2(L3)(H2O)4]·6H2O·3.75CH3OH 2.15. 
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studies are necessary to probe the magnetic behaviour in the low temperature region. The CHN 
elemental analysis for this complex was a good fit for [C34H24N10O4Co2]·6H2O·3.75CH3OH 
which corresponds to two Co(II) ions coordinating to one L3 ligand. The available coordination 
sites of the Co(II) ions may be satisfied by coordinating solvent molecules to afford the 2:1 
metal-to-ligand complex presented in Figure 2.25, or the complex could adopt a more complex 
structural topology with the pyridine rings of the arms coordinating to additional metal centres 
facilitating the formation of a cluster or a chain. Similar to ligand L1, the coordination chemistry 
of this ligand was carried out in DMF due to the low solubility of the ligand in common organic 
solvents. Experiments to complex L3 together with a range of transition metal salts was 
attempted, but the characterization of these complexes was problematic given that the growth of 
single crystals for the elucidation of their molecular structures was not achieved. 
 
Figure 2.25. Proposed structure of [Co2(L3)(H2O)4] 2.15. 
 
To conclude this section, three new tetracarboxamide 4,4’-bipyridine ligands have been 
prepared and characterized. Unfortunately, appending heterocyclic rings directly onto the amide 
nitrogen atom of the carboxamide afforded ligands that are insoluble in common organic 
solvents. This hindered the characterization of L3, and made studies of the coordination 
chemistry of L2 and L3 problematic. We can therefore rule these two ligands out as suitable 
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building blocks for the self-assembly of molecule-based magnetic materials at least in solution, 
although hydrothermal synthesis would offer an alternative methodology. Ligand L1 however is 
more promising since the ethyl linker between the amide nitrogen and the heterocyclic ring 
reduces the planarity of the ligand system and affords a much more soluble compound. Four 
coordination complexes of L1 have been prepared and magnetically characterized and the Cu(II) 
complex of this ligand has been fully structurally and magnetically characterized. 
 
2.5 The preparation and characterisation of a new family of pentadentate N3O2 
macrocycles. 
In the previous section, 4,4’-bipyridine was used as scaffold for designing a new family 
of tetracarboxamide ligands. In a parallel strategy, we have also exploited the 4,4’-bipyridine 
framework for the preparation of a new family of covalently tethered, dimeric  N3O2 
pentadentate macrocycles. As mentioned in chapter 1, the parent [Fe(N3O2)(CN)2] macrocycle 
1.11 was synthesized and its magnetic properties were characterized in 1977 by Nelson and co-
workers.47 The complex lay dormant for almost 25 years until Sato, structurally characterized its 
room temperature structure and reported its light induced spin crossover properties in the solid 
state.49 A few years later, the Letard group were able to obtain the crystal structure of the 
complex at room temperature in the HS state and at 120 K in the LS state.50 These early studies 
show that this complex is unique among SCO systems in the sense that is it the only complex 
reported where the spin transition is accompanied by a significant change in the coordination 
geometry of the metal ion. The Fe(II) parent complex also has the highest reported LIESST 
temperature for an Fe(II) mononuclear complex. The high TLIESST is most probably a 
consequence of the energy barrier associated with the conformational change taking place in the 
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molecule as it transitions from the HS to the LS state. One of the drawbacks concerning the 
synthetic chemistry of this macrocycle is its poor solubility in common organic solvents which 
hinders its use as a paramagnetic building block for the self-assembly of higher order structures. 
It thus became obvious that in order to prepare N3O2 macrocyclic building blocks that are more 
versatile precursors to molecule-based magnets, synthetically modifying the molecular structure 
of the macrocycle could help resolve solubility issues, and enable us to probe how altering the 
framework affects its thermal and light induced spin crossover properties. 
N
N
N
O
O
N
N
N
O
O
Fe
NC
CN
4
5
1.11 2.16
 
Figure 2.26. Molecular structure of the parent [Fe(N3O2)(CN)2] macrocycle 1.11 and the 
dibenzo derivative 2.16.49,181 
A search of the literature revealed that although the parent macrocycle has been exploited 
for the self-assembly of clusters, chains and networks, very little work has been carried out 
preparing synthetic derivatives of 1.11. To the best of my knowledge, the only derivative of the 
parent system which retains the 15-membered N3O2 backbone is the dibenzo macrocycle 2.16 
which was prepared via the metal templation of lanthanides metal ions, Figure 2.26 (right).181 
We proposed that the macrocyclic framework of the parent macrocycle 1.11 could be modified 
in one of two ways, either by functionalizing the para position of the pyridyl head-unit, or by 
chemically modifying the ethylene linkers of the macrocyclic skeleton. It occurred to us that 
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functionality at the 4- and 5- positions of the macrocyclic framework – the middle ethylene 
linker - could be introduced by designing a synthetic route for the preparation of the 
appropriately modified diamine precursor.  Initially we followed the first strategy, namely 
functionalization of the pyridyl head-unit, to prepare a new binuclear derivative of the parent 
macrocycle.158 In this respect, two N3O2 pentadentate macrocycles were covalently tethered, 
employing a 4,4’-bipyridine spacer, thus allowing for the preparation of a dimeric 
[Mn(II)(N3O2)Cl(H2O)]2 macrocycle, Figure 2.27.158  
 
Figure 2.27. Molecular structure of [Mn(N3O2)Cl(H2O)]22+ 2.17. Cl- counter ions have been 
omitted for clarity.158  
 One advantage to preparing a covalently tethered macrocycle is that interactions between 
the metal centres in the dimer could afford a stronger cooperativity within the material. These 
interactions are mostly responsible for the abruptness of the thermally-induced SCO transitions 
along with the width of the thermal hysteresis. One of the ways of studying cooperativity in SCO 
compounds is via the design of polynuclear systems where communication between the metal 
centres is through a chemical bridge, as opposed to mononuclear SCO systems where the metal 
centres can only communicate through space, or intermolecular interactions such as H-bonds or 
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π-π stacking interactions.49,50 In this regard, polynuclear complexes can provide an alternative 
strategy for investigating cooperativity in SCO compounds.41  
Even though complex 2.17 is not a spin crossover compound, the crystal structure revealed that 
the Mn(II) ions are seven coordinate and contain labile axial Cl- and H2O ligands that can easily 
be replaced with paramagnetic cyanometallate precursors to form cyano-bridged magnetic chains 
or networks.53,54 Given that the dimeric Mn(II) complex had been prepared and characterized, the 
first objectives of this project were to prepare the Co(II) derivative and to exploit its axial 
coordination sites for the self-assembly of cyanide-bridged chains and/or networks. The Mn(II) 
and Co(II) derivatives were initially chosen since these metal ions are both air stable, in contrast 
to the Fe(II) system which is air sensitive. 
2.5.1 Synthesis of [Co(N3O2)Cl(H2O)]2 2.20 
The covalently tethered dicobalt macrocycle 2.20 was prepared via the metal templated Schiff-
base condensation of 2,2’-6,6-tetracetyl-4,4’-bipyridine 2.18 together with commercially 
available 3,6-dioxaoctane-1,8-diamine 2.19, Scheme 2.5.  The complex was isolated as a brown 
crystalline solid in 47 % yield. A C=N str was observed at 1644 cm-1 in the IR spectrum 
supporting Schiff-base bis-imine formation. The FAB mass spectroscopy data is consistent with 
that reported for the MnII derivative 2.17.9b The elemental analysis data for the complex is an 
excellent fit for C30H46N6O7Cl4Co2, consistent with the proposed molecular structure of 2.20. 
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Reagents and conditions: i) 2,2-dimethyl-1,3-dioxane-4,6-dione, pyridine, 0º ii) HCl, CH3COOH reflux 
16 h, iii) 2eq. CoCl2·6H2O, MeOH, iv) reflux, 6 h. 
Scheme 2.5. Synthetic strategy for the preparation of [Co(N3O2)ClH2O]22+ 2.20. 
The 1-D polymeric chain {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 2.21 was synthesized via the direct 
combination of its molecular components. Small red blocks suitable for X-ray analysis were 
obtained via the slow diffusion of K4[Fe(CN)6]·3H2O (84 mg, 0.2 mmol) in H2O (6 mL) into a 
solution of 2.20 (173 mg, 0.2 mmol) in a (1:1) mixture of MeOH and H2O (6 ml).  Complex 2.21 
crystallizes in the monoclinic space group P21/n. The asymmetric unit consists of one half of a 
[Fe(CN)6]4- anion, one half of the [Co(N3O2)H2O]2+ macrocycle together with three water 
molecules. A crystallographic inversion centre runs through the centre of the two 4,4’-bipyridine 
rings rendering the two macrocyles of the dimer crystallographically equivalent. The FeII centre 
sits on a second crystallographic inversion centre and is octahedrally coordinated to six cyanide 
ligands with Fe-C bond lengths  ranging from 1.925 to 1.960 Å and bite angles from 87.07 to 
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88.44º. The CoII ions adopt a pentagonal bipyramidal coordination environment, consisting of the 
(N3O2) donor set of the macrocycle forming the basal plane and a bridging cyanide ligand and a 
water molecule occupying the apical positions, Figure 2.28.182  
 
Figure 2.28. Molecular structure of the 1-D zig-zag chain {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 
2.21.  Solvent and hydrogen atoms are omitted for clarity.  
 The Co-N bond lengths are between 2.080(6) and 2.177 (7) Å and the Co-O bond lengths are 
2.264 (5) and 2.247 (5) Å for the ethylene bridged oxygen atoms and 2.138 (6) Å for the Co(1)-
O(1W) separation, Table 2.5.  The Fe-N/O ligand bite angles range from 70.2 to 73.67º.  The 
CoII centers are bound through the nitrogen end of the axial cyanide ligand with a Co-N(4) 
separation of 2.080(6) Å. The Co-NC bonds deviate distinctly from linearity with a Co(1)-N(4)-
C(16) angle of 160.30 º. In contrast to the previously reported dimeric MnII macrocycle 2.17, the 
two dimeric macrocyclic rings in the 1-D chain are completely planar resulting in a colinear 
arrangement of the two CoII centers that are 11.250 (3) Å apart. Both (N3O2) macrocycles of the 
dimer are coordinated to a single [Fe(CN)6]2- anion in a trans manner such that the N(4)-Fe(1)-
N(1) angles are close to 90º affording a zig-zag chain, Figure 2.28.  Conversely, within the chain, 
each [Fe(CN)6]2- unit is linked to two [Co(N3O2)(OH2)]2 macrocycles via the axial cyanide 
groups, leaving the four CN- ligands in the equatorial positions intact affording  a  CoII···FeII 
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separation of 5.091(2) Å.  Furthermore, the intramolecular distances between the two CoII ions 
bridged via the [Fe(CN)6]2-  anions are 10.182(3) Å. Examination of the crystal packing reveals 
that the zig-zag chains are connected via a network of H-bonding interactions involving the 
water, cyanide ligands and the solvent water molecules in the crystal lattice, Figure 2.29. 
 
Table 2.5. Selected Bond lengths [Å] and angles [°] for {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 2.21 
 
The shortest intermolecular H-bonding interactions are between the axially coordinated H2O 
ligand of the macrocycle and an equatorial CN ligand from the [Fe(CN)6]4- anion of a 
neighboring chain (O1(W)-H(1A)···N(5) = 1.90 (7) Å). All four equatorial cyanide ligands of 
the Fe(CN)6 are H-bonded to solvent water molecules in the crystal lattice.  
Co(1)-N(4) 2.080(7) Fe(1)-C(17) 1.926(8) 
Co(1)-N(1) 2.104(6) Fe(1)-C(18) 1.955(10) 
Co(1)-O(1W) 2.138(7) Fe(1)-C(16) 1.960(9) 
Co(1)-N(2) 2.160(7) C(10)-C(11) 1.503(11) 
Co(1)-N(3) 2.177(7) C(12)-C(13) 1.502(12) 
Co(1)-O(2) 2.248(6) N(4)-C(16) 1.137(9) 
Co(1)-O(1) 2.264(5) O(2)-C(10) 1.432(9) 
N(4)-Co(1)-N(1) 94.4(2) C(17)-Fe(1) -C(18) 88.4(4) 
N(4)-Co(1)-O(1W) 173.7(2) C(17)-Fe(1)-C(16) 92.6(3) 
N(1)-Co(1)-O(1W) 91.8(2) C(18)-Fe(1)-C(16) 92.9(3) 
N(4)-Co(1)-N(2) 96.8(3) N(2)-Co(1)-O(2) 142.1(2) 
N(1)-Co(1)-N(2) 73.6(2) N(3)-Co(1)-O(2) 71.7(2) 
N(1)-Co(1)-N(3) 71.9(2) N(4)-Co(1)-O(1) 88.5(2) 
N(1)-Co(1)-O(1) 145.6(2) N(1)-Co(1)-O(2) 143.5(2) 
N(2)-Co(1)-N(3) 145.3(2) N(4)-Co(1)-O(2) 88.6(2) 
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Figure 2.29. Packing Diagram for {[Co(N3O2)H2O]2Fe(CN)6}n·3H2O 2.21. H-bonding 
interactions are shown as dashed lines. View down the a-axis of unit cell. 
Variable temperature magnetic susceptibility data for 2.21 measured between 2 and 300 K in an 
applied field of 1000 G is shown in Figure 2.30.  Data were corrected for sample diamagnetism 
(Pascals constants) and sample holder. The χT value of 3.81 cm3 K mol-1 at 300 K declines 
slowly with decreasing temperature, reaching a minimum at 20 K before rapidly increasing to an 
abrupt maximum at 6 K. Above 65 K the compound obeys Curie-Weiss behavior with C = 1.902 
emu.K.mol-1 per CoII centre consistent with S = 3/2 and g = 2.014, expected for full quenching of 
the orbital angular momentum (Figure 2.30 (inset)). The Weiss constant  = – 5.5 K is consistent 
with the occurrence of weak antiferromagnetic interactions between neighboring spins.   
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As discussed, the crystal structure reflects a polymeric array with the CoII centers linked via (i) 
the diamagnetic, low spin [Fe(CN)6]4− anion and (ii) the dimeric N3O2 macrocylic ligand. The 
closest inter-chain Co∙∙∙Co contacts are 8.538(2) Å and, since dipolar interactions vary as 1/dn 
then we assume that the through-bond exchange along the polymer chain is significantly stronger 
than the inter-chain interactions. The behavior of complex 2.21 should therefore reflect that of a 
Heisenberg-like S = 3/2 spin and the structural topology suggests that the magnetism can be 
expressed by the following Heisenberg spin Hamiltonian: 
                            Ĥ = -2J Ŝ2iŜ2i+1 – 2J′ Ŝ2i+1Ŝ2i+2                        (2.5) 
Figure 2.30. T vs T in an applied field of 1000 G for 2.21 (), with curve fits to the regular 
chain model (―) and the dimer model (―). Inset: fit to the Curie-Weiss Law above 65 K ( = - 
5.5 K, C = 1.902 emu.K.mol-1). Data between 44 and 64 K were omitted due to small features 
associated with O2 contamination.183 
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In the general case (J ≠ J′) the system reflects an alternating Heisenberg chain; in the 
case where J = J′ then the system reduces to a regular spin chain, whereas if one of the J terms is 
negligibly small (e.g. J′ = 0) then the magnetic structure reduces to a series of discrete dimers. 
Assuming a mean field model for a linear chain (z = 2) then the intra-chain exchange parameter J 
can be estimated (from Eq. 2.6) as J/k = −1.1 K.12 
 = 2zJS(S+1)/3k                                  (2.6) 
An expression for the magnetic susceptibility of an alternating linear chain of S = 3/2 ions 
does not appear to have been reported, but attempts to model the magnetic behavior in the two 
extreme scenarios of discrete dimers (J′ = 0, Eq. 2.7 normalized to  per Co ion) 183 and as a 
linear chain184 (J = J′, Eq. 2.8) do not give markedly different behavior above 20 K (Figure 2.30). 
 = Ng22 .     84e9J/kT + 30e3J/kT + 6e-11J/kT   
                                     (2.7) 
   6kT     7e9J/kT + 5e3J/kT + 3e-11J/kT + e-15J/kT 
                    = Ng22 .    A + Bx2                              (2.8) 
                             kT    [1 + Cx + Dx3] 
 
where A = 1.25, B = 17.041, C = 6.7360, D = 238.47 and x = |J|/kT.  
In the dimer model (Eq. 2.7) we find g = 2.01 and J/k = -1.0 K and in the linear chain model (Eq. 
2.8) the best fit to the data afforded g = 2.014 and J/k = -0.9 K. Both sets of data therefore reflect 
that the nature of any exchange interactions between CoII centers is weak and in good agreement 
with the estimate of J derived from mean field theory.  Given the weakness of the magnetic 
exchange observed in the high temperature region, the upsurge in susceptibility below 20 K, 
which is indicative of a ferromagnetic contribution to the susceptibility, is most unexpected. 
Within the mean field approximation, the upper limit to the magnetic ordering temperature is || 
(5.5 K) and, since this rapid increase in T occurs at T >> | , then the low temperature data may 
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well be extrinsic in nature, arising from trace impurity. If the behavior is due to the sample itself 
then its origin most likely stems from single ion effects since the magnetic exchange interactions 
are so weak. Previous magnetic and EPR studies on 7-coordinate CoII complexes reveal that the 
low temperature region resembles that of other CoII ions with first order angular momentum, i.e. 
strongly axial EPR spectra consistent with an effective Seff = ½ species arising out of residual 
spin-orbit coupling (g|| = 2.02 and g  4.6).185 Future field dependent and/or ac susceptibility 
studies are needed in order to elucidate this behavior.  
The preparation of the dimeric Fe(II) macrocycle was attempted within the Pilkington 
group, but the insolubility of the final complex in organic solvents hindered its purification and 
the growth of single crystals for characterization.186 Since this family of dimeric macrocycles 
have limited solubilities in organic solvents, we proposed to follow the second strategy and 
modify the organic framework of the parent macrocycle 1.11 by introducing substituents into the 
4- and 5- positions to target a more soluble class of macrocycles that would hopefully be less 
problematic to isolate and easier to characterize. In addition to improving the solubility, we were 
also interested to investigate the spin crossover properties of these molecules. Our initial thinking 
was that the additional steric hindrance could either make the energy barrier for the 
conformational change during SCO larger, thus shifting its TLIESST to even higher temperatures, 
or make the complexes simply too hindered to accommodate a conformational change at all, thus 
either preventing SCO, or changing the structural pathway for the spin crossover process. In 
addition, functionalization of the macrocycle at these positions would also enable us to target the 
preparation of chiral spin crossover complexes.  
139 
 
2.5.2 Synthesis of chiral diamines 2.22 and 2.23 
Since the macrocycle is assembled via the Schiff-base condensation of a diamine together 
with 2,6-diacetyl pyridine, for the next stage of the project, effort was focused on the preparation 
of the two chiral diamines 2.22 and 2.23.  
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First, we set out to prepare the chiral S,S-enantiomer of 2.23. The starting material for the 
synthesis namely (2S,3S)-1,4-bis(benzyloxy)butane-2,3-diol 2.24, was prepared from tartaric 
acid following the literature route shown in Scheme 2.6.187   
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Reagents and conditions: i) 2,2-dimethoxypropane, p-TsOH, warm 40 ºC, 2 days ii) LiAlH4, Et2O iii) 
NaH, Benzylbromide, reflux 4 h, stir, 12h, iv) aq HCl, MeOH reflux. 
Scheme 2.6. Synthetic route for the preparation of 2.24. 
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The first step involves the esterification of the carboxylic acid followed by the protection of the 
alcohol 2.25 by reacting it with 2,2-dimethyl propane and p-toluene sulfonic acid to afford 2.26 
in 80 % yield. Reduction of the ester with LiAlH4 afforded 2.27 in 90 % yield. The diol was then 
reacted with benzylbromide to obtain the 2.28 in 95 % yield that was subsequently hydrolysed 
with HCl to give the desired diol 2.24 in 70 % yield. All intermediates in the synthetic pathway 
are known compounds and were characterized by 300 MHz 1H and 13C NMR spectroscopy. 
Fortunately, both the S,S and R,R enantiomers of the chiral diol needed for the preparation of 
2.22 are commercially available. In this respect R,R-hydrobenzoin was chosen as the starting 
material for the preparation of 2.22. With both chiral diols in hand, the next step in the synthesis 
was to convert both chiral diols into the corresponding diamines which could then be used as 
starting materials in the metal templated Schiff-base condensation reactions to afford the desired 
chiral dimeric Fe(II) SCO complexes. The synthetic route devised for the conversion of the diols 
into their corresponding diamines is presented in Scheme 2.7. In the first step, both diols were 
reacted with allylbromide to give 2.29 as pale yellow oils. Oxidation of 2.29 with OsO4/NaIO4, 
followed by reduction with LiAlH4 afforded 2.30, and reaction of the diols with phthalimide 
afforded 2.31 as off-white solids. The last step in the synthesis involved the hydrazinolysis of the 
diphthalimides using a solution of hydrazine monohydrate in ethanol to give the chiral diamines 
2.22 and 2.23 as pale yellow oils in 78 and 45 % yield, Scheme 2.7.  
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Reagents and conditions: i) NaH, allylbromide, reflux, 24 hr, ii) OsO4, NaIO4, NaBH4, r.t. 24 hr; iii) 
phthalimide, PPh3, diisopropylazodicarboxylate, 4 days; iv) N2H4·H2O, EtOH, reflux, 24 h. 
Scheme 2.7. Synthetic route for the preparation of chiral diamines 2.22 and 2.23. 
All intermediates in the synthetic pathway were characterised by 300 MHz 1H and 13C NMR 
spectroscopy. The first diamine 2.22 has been previously prepared and characterized in the 
Pilkington group. 188  It molecular structure was confirmed by 300 MHz 1H and 13C NMR 
spectroscopy and its purity was confirmed by elemental analysis. The second diamine 2.23 is a 
known compound and was characterized by 1H, 13C NMR, IR and ESI mass spectroscopy.  
2.5.3 Synthesis of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32 
The first complex targeted was the dimeric macrocycle, R,R Ph2-[Fe(N3O2)CN2]2 2.32. In 
this case, 2.32 was obtained via the condensation reaction of 2,2’, 6,6’-tetraacetyl-4,4’-bipyridine 
2.18 with two equivalents of the chiral diamine 2.22 in the presence of two equivalents of 
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FeCl2·4H2O and Na2S2O4. The resulting tetrachloride intermediate complex was filtered into an 
excess of NaCN to exchange the axial chloride ligands for cyanide and afford 2.32, which was 
recrystallized from DCM/hexane solution to produce a purple/blue solid in 50 % yield, Scheme 
2.8. 
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Reagents and conditions: i) 2eq FeCl2·4H2O, MeOH, reflux 20 h ii) excess NaCN, Na2S2O, stir 2 h.  
Scheme 2. 8. Synthetic route for the preparation of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32. 
The resulting purple/blue precipitate was washed several times with water to remove the excess 
of NaCN followed by a 10:1 mixture of Et2O/THF to remove any unreacted starting material. 
The CHN elemental analysis was within the +/- 0.4 % margin of error for 
[C58H56Fe2N10O4]·4.5CH2Cl2·5H2O. Complex 2.32 has poor solubilty in common organic 
solvents, and conditions for the growth of suitable single crystals have not been determined to-
date. The IR spectrum of macrocycle 2.32 shows a band at 3404 cm-1 that can be attributed to the 
O-H stretch of water molecules in the crystal lattice. A peak at 2096 cm-1 is consistent with the 
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presence of the axially coordinated CN ligands. The spectrum also displays a band at 1636 cm-1 
assigned to the imine C=N str. Two intense peaks at 1086 and 1021 cm-1 can be attributed to the 
C-O-C stretch of the ether groups of side chain and the macrocycle. The FAB mass spectrum of 
the macrocycle, shows a peak at m/z = 1068 which is assigned to the parent ion [M-H]+. A 
second less intense fragment ion is observed at m/z = 1042, which corresponds to the lost of an 
axially coordinated CN ligand from the complex, namely [M-CN]+.   
Interestingly, the complex undergoes a colour change from dark blue to pale red when a 
vial containing a solution of the complex is flash cooled in liquid nitrogen, Figure 2.31. 
 
Figure 2.31. A solution of complex 2.32 at room temperature and when flash cooled to 77 K, 
demonstrating its thermochromic properties. 
The observed thermochromic properties of 2.32 are fairly common for complexes that undergo 
SCO transitions in solution and are indications to suggest that this macrocycle is undergoing a 
spin crossover transition. UV-Vis spectroscopy is a very useful method that enables the change 
in spin state of SCO compounds to be characterized in solution as a function of temperature. The 
UV-Vis spectrum of the macrocycle at both 200 and 100 K is shown in Figure 2.32. The UV-Vis 
spectrum of 2.32 at room temperature (red line) has a shoulder at  = 380 nm and two less 
intense bands at  = 505 and 656 nm. The band at 380 nm can be assigned to intra-ligand π to π* 
transitions. The weak band at  = 505 nm can be attributed to the 1A1  1T and 1A 1B2 
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transitions of the LS Fe(II) molecules. The band at  = 656 nm arises from a superposition of 5E2 
 5A1 transitions from the pentagonal bipyramidal coordinated HS Fe(II) molecules and MLCT 
transitions from the metal dxz and dyz orbitals into the low lying anti-bonding π*orbital of the 
unsaturated fragment of the macrocycle.47 At 200 K, the intensity of the absorption band at λ = 
505 nm increases, this is reflected in the molar absorptivity which increases from ε = 1626 
M-1cm-1 at 298 K, to ε = 3500 M-1cm-1 at 200 K. This implies the population of the LS fraction of 
the compound is increasing as the sample is cooled and is evidence to support a spin crossover 
transition in solution. In addition, on cooling, the band at  = 600 nm becomes less broad. 
Presumably as the fraction of HS molecules decreases, the transitions for these molecules 
become so weak that essentially this band can be assigned to the CT interactions. 
 
 
Figure 2.32. UV-Vis spectra of R,R Ph2-[Fe(N3O2)(CN)2]2  2.32 at 298 K (red) and 200 K (black).  
The magnetic susceptibility data for a microcrystalline powder sample of 2.32 was 
recorded between 350 and 5 K. The complex shows a χT value of 3.2 cm3 K mol-1 at 320 K, 
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Figure 2.33, which corresponds to a 1:1 mixture of HS and LS Fe(II) centers in the complex. 
There is no clear evidence for any thermal hysteresis in the data with both cooling and warming 
cycles appearing identical, suggesting little or no cooperative interactions between the two Fe(II) 
centres in the solid state. We can conclude from the magnetic data that at higher temperatures, 
the complex exists as a 1:1 mixture of HS and LS states and then on cooling, there is a slow, 
incomplete thermal transition to the low spin configuration. The sharp decrease in χT below 30 
K can be attributed to zero field splitting of the HS Fe(II) fraction at low temperature. Without 
knowledge of the crystal structure it is difficult to rationalize further the magnetic properties of 
the complex.   
 
Figure 2.33. χT vs T plot for R,R (Ph)2-[Fe(N3O2)(CN)2]2  2.32. 
2.5.4 Synthesis of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 
In order to try and resolve solubility issues, we targeted the preparation of a dimeric 
macrocycle with more flexible substituents at the 4- and 5- positions. In this respect the chiral 
dimeric macrocycle S,S (PhCH2OCH)2-[Fe(N3O2)(CN)2]2 2.33 was prepared following the 
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strategy presented in Scheme 2.9. Degassed solvents were used and the reaction was carried out 
under nitrogen. A reducing agent, Na2S2O4, was added to the reaction mixture to prevent 
oxidation of the Fe(II). Once the resulting tetrachloride intermediate complex was formed, the 
solution was immediately filtered under nitrogen into an excess of an aqueous solution of NaCN 
in order to prepare the tetracyanide derivative. 
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Reagents and conditions: i) 2eq. FeCl2.4H2O, reflux 24 h ii) Na2S2O4, NaCN, stir 2 h.   
Scheme 2.9. Synthetic pathway for the preparation of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  
2.33 
In this respect cyanide is a stronger field ligand than chloride and serves to stabilize the low spin 
state of the complex at lower temperatures, facilitating the preparation of a SCO complex. In 
contrast, the weaker field chloride ligand stabilizes high spin Fe(II) and affords a complex with 
no SCO behaviour. The crude product was isolated as a precipitate that was washed several times 
with water to remove unreacted FeCl2, Na2S2O4, and NaCN, and then washed with a 10:1 
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mixture of Et2O/THF to remove any unreacted starting material. The desired macrocycle 2.33 
was obtained as a purple/blue crystalline solid in 50% yield. The FAB mass spectrum the 
complex shows a fragment ion at m/z = 1239 which corresponds to the lost of an axial cyanide 
ligand from the complex [M-CN]+.  The IR spectrum of 2.33 exhibited a broad band at 2044 cm-1 
which can be attributed to the CN str of the axial cyanide ligand.48 A less intense peak at 2000 
cm-1 could be assigned to the CN str from traces of NaCN present in the complex.47 The C=N 
imine stretch is observed as a sharp peak at 1637 cm-1, which is consistent with the formation of 
the macrocycle. Two intense peaks at 1092 and 1026 cm-1 can be attributed to the C-O-C stretch 
of the ether groups of side chain and the macrocycle. The IR spectrum of 2.33 also has a very 
broad band at 3405 cm-1 assigned to the O-H str of water molecules in the crystal lattice.48 CHN 
elemental analysis data indicates that is a trace of an impurity present in this complex. It proved 
very difficult to remove this impurity given that we believe it is NaCN which has the same 
solubility as the macrocycle in water and polar organic solvents. Unfortunately, suitable 
conditions could not be found for the growth of single crystals to elucidate the structure of the 
macrocycle in the solid state. 
 The room temperature UV-Vis spectrum of the macrocycle is shown in Figure 2.34 and 
has the same three sets of absorption bands as the previous complex.  
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Figure 2.34. UV-Vis spectrum for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 in ethanol at 298 
K.  
We can therefore conclude that in solution, at room temperature, this complex very likely 
contains a mixture of LS and HS Fe(II) centers, and since the absorption band for the LS 
complex at  = 519 nm is fairly weak, it looks to be predominantly a HS complex. 
The optical activity of this complex was probed by circular dichroism (CD) spectroscopy. 
The presence of a Cotton effect at 326 and 517 nm, and negative dichroic signals at 403 and 623 
nm confirmed that the ligand centered chirality had been transferred from the diamine precursor 
to the complex, Figure 2.35. 
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Figure 2.35. Circular dichroism spectrum of 2.33 in ethanol at 298 K. 
Variable temperature magnetic susceptibility measurements were carried out on powder 
samples of 2.33 in an applied field of 1000 G and between 5 and 350 K in both cooling and 
heating modes, Figure 2.36. At 350 K, the compound exhibits a χT value of 1.44 cm3 K mol-1. 
Previous studies on the parent macrocycle 1.1149 which also contains a pentagonal bipyramidal 
FeII centre with cyanide ligands analogous to 2.33  revealed it to be 100 % HS at room 
temperature and exhibited a T value of 3.3 cm3 K mol-1 which appeared temperature 
independent in the range 200 – 300 K (consistent with S = 2 and g = 2.1). Assuming 2.33 would 
exhibit a similar moment then we estimate at room temperature ca. 38 % of the FeII present is HS, 
in excellent agreement with the Mossbauer data (see later). Since there are two Fe(II) centres in 
this molecule then this corresponds to one FeII centre being 100 % LS (S = 0) and the second 76 % 
HS (S = 2) at room temperature. This observation is similar to the [LS-HS] spin state reported 
for a number of bimetallic Fe(II) SCO compounds.189  
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 As the sample is cooled, the susceptibility gradually decreases down to a χT value of 
0.85 cm3 K mol-1 at 5 K, reflecting a slow thermal transition to the low spin configuration. The 
limiting low temperature value is consistent with 25 % HS FeII in the sample, reflecting an 
incomplete spin transition and is supported by Mossbauer data (vide infra). There is no clear 
evidence for any thermal hysteresis in the data with both cooling and warming cycles appearing 
identical, suggesting little or no cooperative interactions between the two Fe(II) centres in 2.33. 
This is in contrast to the parent monomeric Fe(II) complex that shows hysteresis in the solid state 
due to strong cooperativity as a result of hydrogen bonding interactions present in the crystal 
lattice.47,48,49,50  Complex 2.33 therefore undergoes a gradual and incomplete spin transitions at 
both high and low temperatures. As a way of probing the fraction of the complex in the LS and 
HS state, variable temperature Mössbauer spectra were recorded on the powder sample of 2.33 
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Figure 2.36. χT plot for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 upon cooling (blue circles) 
and then reheating (red circles). 
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from 293 to 6 K. The HS state transition is indicated by the green line and LS state transition by 
the blue line, Figure 2.37. Mössbauer experiments can provide two important parameters which 
give information about the spin state of Fe(II) centre: (i) the isomer shift δ which is determined 
by the displacement of the spectrum from zero and (ii) the quadrupole splitting ∆EQ, is defined 
by the magnitude of the separation of an absorption line into a doublets.190  
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Figure 2.37. Mössbauer spectra of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2 2.33 complex from 293 
K to 6 K; LS Fe(II) (blue line), HS Fe(II) (green line). 
From the Mössbauer parameters shown in Table 2.6, it is evident that the transition from LS to 
HS starts around 100 K and at 293 K the ratio of LS to HS state is 62:38. It is apparent that the 
fraction of the molecule in the HS state at 293 K is more significant than that found at low 
temperatures. The value of the quadrupole splitting and the isomer shift of both the LS and the 
HS state are similar to those reported for other Fe(II) SCO complexes.191 Although for the parent 
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compound, below 150 K the complex is entirely in the LS form, complex 2.33 on the other hand 
shows that at low as well as high temperature the complex is comprised of a mixture of spin 
states, Table 2.6. 
Table 2.6. Mössbauer parameters for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33. 
 
Assuming an idealised value of 3.3 cm3 K mol-1 for 100 % HS FeII, then we can estimate the 
percentage high spin FeII in the sample. This is illustrated in Figure 2.38, in which the percentage 
of high spin determined from Mossbauer is overlaid with the estimate from SQUID 
magnetometry. 
 
Temp.(K) Isomer shift:  
(mm/s) 
Quadrupole splitting: 
EQ (mm/s) 
Fe site Occupancy 
(%) 
Fe (II) spin 
state 
293 0.220(6) 
0.860(4) 
1.21(1) 
2.756(8) 
62 
38 
LS 
HS 
200 0.23(1) 
0.869(9) 
1.38(2) 
2.99(30 
67 
33 
LS 
HS 
150 0.168(4) 
0.998(4) 
1.579(8) 
2.821(9) 
66 
34 
LS 
HS 
100 0.191(3) 
1.006(3) 
1.575(4) 
2.897(4) 
68 
32 
LS 
HS 
50 0.208(2) 
1.03(3) 
1.586(4) 
2.902(5) 
69 
31 
LS 
HS 
6 0.205(4) 
2.021(4) 
1.571(8) 
2.91(1) 
71 
29 
LS 
HS 
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From the overlay we can conclude that for this complex, only about 10% of the molecules switch 
from HS to LS as the sample is cooled. What is interesting when comparing the magnetic data 
for both dimeric macrocycles is that they behave in a similar manner in that they both display 
incomplete thermally induced spin crossover transitions. It could be that the large substituents on 
the macrocyclic framework are preventing a large portion of the molecules from undergoing the 
conformational changes required to accommodate the coordination geometries of the HS and/or 
LS states.  
2.5.5 Synthesis of (CH3)2[Fe(N3O2)(CN)2]  2.38 
Since it proved impossible to crystallize the dimeric family of macrocycles, we decided 
to re-evaluate the direction of the project and focus our attention on the covalent modification of 
the original parent macrocycle. In this respect our objectives were to introduce substituents into 
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Figure 2.38. Overlay of the fraction HS FeII for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.33 based 
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the 4- and 5- positions of the macrocyclic framework and investigate what effect this had on the 
spin crossover properties of the macrocycle. We also postulated that the monomeric system 
might be easier to crystallize, having only two rather than four chiral centres and that the crystal 
structure of one of the covalently modified macrocycles might help to shed some light on the 
magnetic behaviour of the previously discussed dimeric systems. Working towards these 
objectives, we first targeted the preparation of the dimethyl substituted diamine 2.38, Scheme 2.10.  
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Figure 2.39. Different possible isomers for butane-2,3-diol. 
Our initial thinking was that the smaller methyl substituents might reduce the steric hindrance 
and enable the macrocycle to undergo spin crossover more readily. Depending on the spatial 
geometry of the two methyl groups the R,R and S,S enantiomers, 2.34 and 2.35, as well as the 
meso and racemic isomers 2.36 and 2.37 could be prepared, Figure 2.39.  This strategy would 
also give us the opportunity in the longer term to compare how changing the spatial geometry of 
the methyl groups on the macrocyclic framework affects the structural and magnetic properties 
of the macrocyclic complex. The first molecule targeted was an isomeric mixture of the racemic 
and meso diamines, since this starting material was inexpensive and commercially available. The 
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synthesis of the diamine was carried out following the literature procedure shown in Scheme 
2.10.192  
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Reagents and conditions: i.) NaH, allylbromide, reflux, 98 ºC ii.) OsO4, NaIO4, NaBH4, r.t iii.) 
phthalimide, PPh3, azodicarboxylate iv) hydrazine, reflux.  
Scheme 2.10. Synthetic route for the preparation of the racemic dimethyl diamine 2.38. 
In the first step, commercially available 2,3-butanediol 2.39 was reacted with allylbromide to 
give 2.40 as a pale yellow oil in 87 % yield. The second step involved the oxidation of 2.40 with 
OsO4/NaIO4, followed by reduction using NaBH4 to obtain the corresponding diol 2.41 in a 10% 
yield. Reaction of 2.41 with phthalimide, triphenylphosphine and diisopropylazodicarboxylate 
gave the diphthalimide 2.42 as a pale yellow oil in 20 % yield. The last step involved the 
hydrazinolysis of the 2.42 using hydrazine monohydrate in ethanol to afford the diamine 2.38 
which was purified by column chromatography and isolated as pale yellow oil in about 10 % 
yield. Unfortunately, the isolation of the desired diamine 2.38 could not be achieved in 
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reasonable yields. The major bottle-neck in this reaction pathway was the conversion of diene 
2.40 into the diol 2.41, Scheme 2.10. The yield for the reaction was very low (< 7 %), and TLC 
of the crude product showed multiple spots which were difficult to separate by column 
chromatography. A search of the chemical literature revealed an alternative route for the 
preparation of diol 2.40, Scheme 2.11, however, in our hands it was not possible to repeat this 
literature procedure.193  
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Reagents and conditions: i) 50º C, 2 hrs ii) 50% NaOH, Bu4NHSO4, warm 65 ºC, 3 days iii) 
MeOH/CH2Cl2, 0.6 M HCl, 12 hrs. 
Scheme 2.11. Literature route for the synthesis of the diol 2.44.193  
The reaction involves the nucleophilic substitution reaction of chloroethoxytetrahydropyran 2.43 
with the diol 2.39, to form the protected diol 2.44 which was purified by column chromatography 
using silica gel and EtOAc as the solvent.  Synthesis of the protected diol 2.44 was confirmed 
both by 1H and 13C NMR spectroscopy, see Figures 6.1 and 6.2 in the Appendix. Hydrolysis of 
the tetrahydropyran (THP) group in the presence of acid should afford the diol 2.41. The 
deprotection of 2.44 was attempted using 0.6 mL HCl (12 M), at 50 ºC for 1.5 h. The 
deprotection was hard to follow by TLC because of the absence of a UV active chromophore in 
the molecule. A solution of permanganate was therefore used to stain the TLC plates. After 
staining, the TLC plate showed several spots very close together, making it difficult to determine 
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when the reaction had reached completion. Attempts were made to purify the crude product from 
this deprotection reaction by flash chromatography on silica gel, but these were unsuccessful. 
The 300 MHz 1H NMR  and 13C NMR spectra of the products obtained after column 
chromatography suggested at least two compounds are present, the deprotected compound 2.41, 
plus at least one compound formed by the cleavage of an ether bond between C-2 and C-3, under 
the acidic conditions required for the deprotection (Figure 6.3, Appendix). In order to try to 
prevent the unwanted cleavage of the ether bonds in the backbone of the compound, the 
deprotection was attempted under milder acidic conditions. Initially we tried using more dilute 
solution of HCl, and reducing the time of the reaction to 1h. Once again, it appeared from the 1H 
NMR spectrum of the crude product obtained after work up that a mixture of products had 
formed. We then used p-toluenesulfonic acid for the deprotection and carried out the reaction at 
room temperature. The 1H NMR spectrum of the crude product showed that the THP protecting 
groups had been completely removed, but even under these much milder conditions, a mixture of 
products due to unwanted ether cleavage were obtained.  Although this method was reported in 
the literature for the preparation of diol 2.41, no characterisation data was provided for the 
protected diol so we remain suspicious of these claims. Given the lack of reproducibility of the 
literature method both in my hands and by other members of the Pilkington group, an alternative 
strategy for the preparation of the dimethyl substituted diamine precursor was devised, Scheme 
2.12.  This route involves reaction of the starting diol 2.39 with bromoacetonitrile to afford the 
dinitrile compound 2.45 which could then be reduced with LiAlH4 to yield the resulting diamine 
2.38. Unfortunately, the first step in this pathway was problematic, TLC of the isolated crude 
product showed several spots which we attempted to separate by column chromatography. The 
300 MHz 1H and 13C NMR spectra of the largest fraction showed that we had isolated a 2:1 
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mixture of the mono- and bis-nitriles 2.45 and 2.46, see Figure 6.4 and 6.5 in the Appendix 
section page 303 and 304.  
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Reagents and conditions: i) THF, NaH r.t, BrCH2CN, reflux. ii) Et2O, LiAlH4, 0 ºC. 
Scheme 2.12. Second synthetic route devised for the preparation of diamine 2.38. 
The FAB mass spectrum of this fraction shows a peak at m/z = 160 that corresponds to the 
molecular ion for 2.45, and a peak at m/z = 130 that corresponds to the molecular ion for 2.46. 
The other fractions from the column contain compounds that proved more difficult to assign. 
Analysing the data, it became obvious that the problem with this synthetic methodology is that 
some of the mono nitrile compound 2.46 is present as the anion and it seems that this undergoes 
cyclization to yield the cyclic products shown in Scheme 2.13. There are peaks in the mass 
spectrum at m/z = 72 and 160 that are consistent with the molecular ions for 2.48 and 2.49. 
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Scheme 2.13. Proposed cyclization of the anion of 2.46. 
Diol 2.39 was chosen because it was cheap and we thought it would be a good starting 
compound to develop the synthetic chemistry. To the contrary, having the mixture of the two 
isomers complicates the 1H and 13C NMR spectra enormously so when the reactions were not 
quantitative, the products were very difficult to purify and it was very difficult to interpret the 
NMR data.  
Due to the difficulties encountered during the preparation and purification of the dimethyl 
diamine 2.38, we turned our attention towards the introduction of a bulkier benzyloxymethyl side 
(PhCH2OCH2) chain at the 4- and 5- positions of the parent macrocycle 1.11. We thought that at 
least the preparation of this compound might also shed some light on the molecular structure of 
the macrocycle which in turn could help us rationalize the magnetic data for the previously 
discussed dimeric system. Furthermore, the bulkier side chain might improve the solubility of the 
final macrocycle and provide us with a more soluble building block for the self-assembly of 
magnetic chains, clusters or networks. We were also very keen to investigate whether or not this 
complex is able to undergo a thermal and/or LIESST SCO transition and if so, whether or not the 
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geometrical changes accompanying the SCO are comparable with those reported for the parent 
complex 1.11, or quite different.  
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2.5.6 Synthesis and characterisation of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50. 
The chiral macrocycle 2.50 was prepared via the reaction of commercially available 2,6 
diacetyl pyridine with one equivalent of the chiral diamine 2.23 in the presence of one equivalent 
of FeCl2·4H2O.47 As previously discussed, Na2S2O4 was added to the reaction mixture to prevent 
any oxidation of the Fe(II) centers and the reaction was carried out under nitrogen using 
degassed solvent. Formation of the Fe(II) macrocycle resulted in a colour change of the reaction 
mixture from pale yellow to deep blue. The axial chloride ligands were then exchanged for 
cyanide in situ. The complex was isolated as a purple/blue precipitate that was washed several 
times with water followed by a 10:1 mixture of Et2O/THF to remove any excess reagents and 
unreacted starting material. The target macrocycle 2.50 was obtained as a dark purple/blue solid 
in 50 % yield, Scheme 2.14. The best fit for the elemental analysis data was for 
[C33H37FeN5O4]·5H2O·0.5THF. We suspected that even after several repeated recrystallization 
attempts there was still a small trace of an impurity present in the complex that proved difficult 
to remove. 
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Reagents and conditions: (i) FeCl2·4H2O, reflux 24 h, (ii) Na2S2O4, NaCN, stir 2 h. 
Scheme 2.14. Synthetic route for the preparation of 2.50  
The IR spectrum of complex 2.50 has a CN str at 2095 cm-1 assigned to the axially coordinated 
cyanide ligands. This band occurs at a higher wavenumbers when compared to ionic CN-.47  A 
band at 1652 cm-1 can be attributed to the C=N imine stretch. The C-O-C stretch of the 
macrocycle is present at 1089 cm-1. The presence of water in the crystal lattice is confirmed by 
the observation of an O-H str at 3450 cm-1. The FAB mass spectrum of the macrocyclic complex 
shows a fragment ion at m/z = 597 which corresponds to the loss of one of the axial cyanide 
ligands from the coordination complex [M-CN]+.  The flash freezing of an ethanol solution of 
this macrocycle in liquid nitrogen once again lead to a colour change from blue to a red, strongly 
suggesting that the molecule undergoes a thermal SCO transition in solution. The UV-Vis 
spectra of macrocycle 2.50 recorded at both 293 and 200 K shows three bands recorded at  = 
375, 490 and 600 nm, Figure 2.40. 
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Figure 2.40. UV-Vis spectra of S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 at r.t. (red line) and 
200 K (black line). 
These transitions are consistent with those previously discussed for the dimeric macrocycles 2.32 
and 2.33. In this respect a band for the intra-ligand π to π* transitions is present at λ = 375 nm, 
while the band at λ = 490 nm (1321 M-1 cm-1) is due to absorptions from the LS Fe(II) 1A      
1T transitions in the complex. The band at λ = 600 nm (1257 M-1cm-1) can be attributed to both 
transitions from the HS Fe(II) 5E1  5A1 (pentagonal bipyramidal geometry) and the MLCT 
band.47 On cooling the solution to 200 K, the band of the visible region at λ = 490 nm increases 
in intensity. In this respect, the molar absorptivity increases from 1321 M-1cm-1 at 298 K to 1794 
M-1cm-1 at 200 K which is consistent with the population of the LS Fe(II) centers at low 
temperature and a change in the coordination geometry of the complex during spin crossover. 
300 350 400 450 500 550 600 650 700 750 800
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
600nm
490nm
375 nmA
bs
or
ba
nc
e
Wavelength(nm)
 r.t
 200 K
163 
 
The molar absorptivity of the band at λ = 600 nm decreases slightly as the sample is cooled, as 
expected since the fraction of HS molecules is reduced. 
CD measurements were carried out on 2.50 in ethanol at room temperature in order to 
confirm the optical activity of the complex. The CD spectrum for 2.50 is shown in Figure 2.41. 
For two molecules that are enantiomers, they will absorb left and right circularly polarized light 
to a different degree.194 A negative cotton effect is obtained for the complex at λ = 270 and 370 
nm, while positive effects are visible at λ = 315 nm. The Cotton effect is measured as a change in 
rotation to a maximum as an absorption band is approached and can be positive or negative. 
Since we observe the Cotton effect for this complex, we can conclude that it is chiral.   
 
 
Figure 2.41. CD spectrum for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 in ethanol at r.t. 
Variable temperature magnetic susceptibility measurements were carried out on a 
microcrystalline sample of 2.50. Between 250 and 350 K there is a transition in the data which is 
most likely due to a trace of paramagnetic impurity present in the sample. At 350 K, the χT value 
of 3.2 cm3 K mol-1, is consistent with the presence of one HS Fe(II) complex (χT expected for S 
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= 2 is 3.0 cm3 K mol-1), Figure 2.42. As the sample is cooled, there is a steady decrease in the χT 
value below 150 K, consistent with a spin crossover transition.  
 
Figure 2.42. χT vs T plot for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50. 
In contrast to the dimeric macrocycles, the magnetic properties of this complex resemble 
the parent complex in that it undergoes a complete spin crossover transition at both low and high 
temperature. After several failed attempts, a few milligrams of single crystals suitable for X-ray 
diffraction were grown via the liquid diffusion of hexane into a DCM solution of the macrocycle. 
X-ray diffraction measurements on dark purple, single crystals were carried out at both 200 and 
300 K. The single crystal was suspended in paraffin oil and mounted on a nylon loop on a copper 
pin and cooled to 200 K in the stream of liquid nitrogen on the X-ray diffractometer. Once the 
dataset was collected, the crystal was slowly warmed to 300 K and a second dataset was 
collected. Diffraction experiments were carried out at two temperatures in order to determine 
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whether or not there were any structural changes in the Fe(II) macrocycle consistent with a SCO 
transition in the solid state, as was previously reported for the parent macrocycle 1.11.49 Attempts 
were made to heat the crystal on the diffractometer and record a dataset at 350 or 400 K, but the 
crystals decomposed and the diffraction intensity was lost. At 200 K, the macrocycle crystallizes 
in the chiral triclinic space group P1, with two independent macrocycles (A and B) and two 
water molecules in the unit cell. As expected, this is different from the space group of the parent 
Fe(II) complex which was determined to crystallize in the monoclinic P21/c space group at 130 
K.50 The molecular structure of the chiral macrocycle 2.50 is shown in Figure 2.43 and reveals 
that for both molecules, the macrocycle coordinates the Fe(II) centres in the equatorial plane 
with two axial cyanide ligands completing a 6-coordinate, slightly distorted octahedral geometry.  
 
 
Figure 2.43. ORTEP representation of the molecular structure of two independent molecules of 
S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]·2H2O  2.50 at 200 K with an appropriate labelling scheme. 
Thermal ellipsoids are plotted at 50%.  
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Selected bond lengths and angles for molecules A and B are listed in Tables 2.7 and 2.8. Both 
molecules have one long and one short Fe-O bond (Fe(1)···O(1) = 3.009 (5) Å) and Fe(1)-O(2) = 
2.233 (2) Å) for molecule A and (Fe(2)···O(6) = 3.001(5) Å) and Fe(2)-O(5) = 2.303 (2) Å) for 
molecule B. The six coordinate LS Fe(II) geometry is in agreement with the structure elucidated 
by Letard et al, for the parent complex which was also octahedral and LS at 130 K.50 The N-C-Fe 
bond angles for the two macrocycles show a deviation from 180°. For molecule A, the bond 
angles are 177.5° and 177.6° and for molecule B the angles are 178.0° and 176.6°. Close 
examination of the bond lengths of the coordinated atoms reveals while that Fe-N bond lengths 
are slightly different in both molecules, the Fe-C-N bond lengths are almost identical, Table 2.8. 
Another slight difference between the two macrocycles is the deviation of the ethylene bridge, 
O-CH(PhCH2OCH2)-CH(PhCH2OCH2)-O, from the FeO2 plane defined by the two oxygen 
atoms and the Fe(II) ion.  For molecule A, the C(10) and C(19) atoms deviate from the FeO2 
plane by 0.516 Å and -0.059 Å, respectively. For molecule B, the ethylene CH2 carbon atoms 
C(43) and C(52) are also located on opposite sides of this plane, deviating by +0.560 and -0.202 
Å respectively, Figure 2.44. In both molecules the phenyl rings are located trans to each other on 
opposite sides of the FeO2 plane. 
.  
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Figure 2.44. The molecular structure of molecule B of S,S (PhCH2OCH2)2-
[Fe(N3O2)(CN)2]·2H2O 2.50 at 200 K showing the position of C43 and C52 with respect to the 
FeO2 plane that is shown in red.  
 
Table 2.7. Selected bond lengths [Å] for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]·2HO 2.50 at 200 
K. 
Molecule A                  Bond length [Å]             Molecule B              Bond length [Å] 
       
Table 2.8. Selected bond angles [o] for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]  2.50 at 200 K 
Molecule A                            Angles[°]               Molecule B                     Angles[°] 
Fe(1)  -  O(1)         3.009(4)              Fe(2) -  O(5)            2.305(5) 
Fe(1)  -  O(2)         2.233(4)              Fe(2) – O(6)            3.001(5) 
Fe(1)  -  N(1)         1.836(4)              Fe(2) -  N(6)           1.843(5)       
Fe(1)  -  N(2)         2.041(4)   Fe(2) -  N(7)            2.042(4) 
Fe(1)  -  N(3)         1.916(4)              Fe(2) -  N(8)           1.964(4) 
Fe(1)  -  C(32)       1.956(5)              Fe(2) -  C(65)          1.959(6) 
Fe(1) -   C(33)       1.965(5)              Fe(2) - C(66)   1.967(5) 
N(1)-Fe(1)-O(2)                   160.1(15)              N(6)-Fe(2)-O(5) 156.1(17) 
N(1)-Fe(1)-N(2)                   79.3(19 )               N(6)-Fe(2)-N(7) 79.9(19)                                                                                           
N(1)-Fe(1)-N(3) 81.6(19)                N(6)-Fe(2)-N(8) 80.5(2) 
N(1)-Fe(1)-C(33) 93.5(2)                  N(6)-Fe(2)-C(66)                 91.9(2) 
N(1)-Fe(1)-C(32) 93.7(2)                  N(6)-Fe(2)-C(65)          94.1(2) 
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Figure 2.45 shows the crystal packing of 2.50 at 200 K. A view down the a-axis of the unit cell 
reveals that the molecules A and B pack in alternate rows of 1-D chains linked via hydrogen 
bonding interactions between the H-atoms of the water molecules and the lone pairs on the N–
atoms of the axial CN ligands. This packing arrangement closely resembles that of the parent 
[Fe(II)(N3O2)(CN)2] complex 1.11 presented in the introduction section of the thesis. 
Examination of the packing reveals that the closest intermolecular distances between Fe(II) 
centres is 7.693(1) Å involving Fe(1) and Fe(2) ions from alternate chains. The Fe(1)-Fe(1) and 
Fe(2)-Fe(2) distances within a chain are both 10.908(1) Å.  
 
N(2)-Fe(1)-O(2) 120.5(17) N(7)-Fe(2)-O(5)                  123.6(19) 
N(3)-Fe(1)-C(32) 90.8(19)                N(8)-Fe(2)-C(65)                 92.0(2)               
N(3)-Fe(1)-O(2)                   78.5(16)                N(8)-Fe(2)-O(5)                  75.9(19) 
N(3)-Fe(1)-N(2)                   160.9(19)              N(8)-Fe(2)-N(7) 160.4(2) 
N(3)-Fe(1)-C(33)  92.2(2)                  N(8)-Fe(2)-C(66)              90.0(2)                                                                                            
C(32)-Fe(1)-C(33)                172.6(3)                C(65)-Fe(2)-C(66) 174.0(3)                                                                          
C(32)-Fe(1)-N(2)   90.7(18)                C(65)-Fe(2)-N(7) 90.2(2) 
C(32)-Fe(1)-O(2) 85.8(18)                C(65)-Fe(2)-O(5)                82.8(2) 
C(33)-Fe(1)-N(2)                 88.7(19)                C(66)-Fe(2)-N(7)  89.8(19) 
C(33)-Fe(1)-O(2) 88.1(18) C(66)-Fe(2)-O(5) 92.2(2) 
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Figure 2.45. Packing diagram for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2]2·2H2O 2.50, showing 1-
D chains of A and B molecules linked via H-bonding interactions. View down the a-axis. H-
atoms are omitted for clarity.  
Hydrogen bonding interactions range from 2.056 to 2.875 Å. The shortest H-bonds are those 
involving the protons of the water molecules that are H-bonded to the nitrogen atom of an axial 
cyanide ligand.  The molecular structure of 2.50 at 300 K is shown in Figure 2.46. The triclinic 
P1 space group and the two independent molecules in the unit cell were retained. This is in 
contrast to the molecular structure of the parent complex which undergoes a change in space 
group as the crystal was warmed.50 
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Figure 2.46. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2·2HO  2.50 at 300 K with an appropriate labelling scheme. 
Thermal ellipsoids are plotted at 50%.  
 
The Fe(II) centre in molecule A remains 6-coordinate with no significant changes in bond 
lengths and angles at 300 K. In contrast however, the coordination geometry of molecule B is 
quite different. The Fe2-O(5) bond distance is longer and changes from 2.305(5) Å at 200 K to 
2.407(7) Å at 300 K and the Fe(2)-O(6) bond distance is significantly shortened from 3.001(5) Å 
at 200 K to 2.795(7) Å at 300 K, Table 2.9. There are also significant changes in the Fe-CN bond 
distances. The Fe(2)-C(65) bond distance increases from 1.959(6) A at 200 K to 1.989(7) A at 
300 K and the Fe(2)-C(66) bond distance increases, from 1.697(5) A at 200 K to 1.994(10) A at 
300 K. These subtle changes reflect the fact that it is most likely that molecule B in the complex 
is undergoing a spin crossover transition between 200 and 300 K and its coordination geometry 
is moving towards a HS 7-coordinate pentagonal bipyramidal geometry, Figure 2.47. 
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Figure 2.47. Crystal splitting diagrams for the octahedral low spin S = 0 complex and the HS, 
S=2 pentagonal geometry accompanying the thermal spin transition.53,54 
 
Often phase transitions in the solid state destroy single crystals and are difficult to follow by X-
ray diffraction. This seems to be the case with our complex and is not totally surprising since the 
molecule is quite hindered and the conformational change has to accommodate the bulky 
PhCH2OCH2 side chains. Placing the molecular structures of the two B molecules of the 
complex at 200 and 300 K side by side, it is evident that as the Fe-O(2) bond lengthens, this 
change in the coordination geometry is also accompanied by an approximately 10º rotation of 
one of the phenyl rings of a PhCH2OCH2 side chain. The geometry of the second side chain 
remains unchanged, Figure 2.48. 
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Figure 2.48. Molecular structures of molecules B at 200 K (left) and 300 K right. 
 
Table 2.9. Selected bond lengths [Å] for S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2  2.50 at 300 K. 
 
 
Molecule A Bond length [Å]        Molecule B                 Bond length [Å] 
 
 
Fe(1)-O1 3.060(6)                    Fe(2)-O(5)                           2.407(7) 
Fe(1)-O2 2.235(6)   Fe(2)-O(6)                           2.795(7) 
Fe(1)-N(1)   1.830(7) Fe(2)-N(6)                 1.843(7) 
Fe(1)-N(2) 2.062(6)                    Fe(2)-N(7)                      2.019(7) 
Fe(1)-N(3) 1.914(6)                    Fe(2)-N(8)                           1.989(6) 
Fe(1)-C(32) 1.961(9)                    Fe(2)-C(65)                          1.989(7) 
Fe(1)-C(33) 1.983(9)                    Fe(2)-C(66)         1.994(10) 
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Table 2.10. Selected bond angles [o] for S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2 2.50 at 300 K. 
 
Molecule A                     Angles [°]              Molecule B                          Angles [°] 
 
Evidence to support this conformational change also comes from variable temperature X-ray 
diffraction studies of the closely related diphenyl macrocycle 2.51, carried out previously in the 
Pilkington group.195 For this complex, the low temperature structure comprises of two 
N(1)-Fe(1)-N(3) 82.3(3)                      N(6)-Fe(2)-N(8)                 79.2(3) 
N(1)-Fe(1)-C(32) 94.6(3)                       N(6)-Fe(2)-C(65)           92.2(4) 
N(1)-Fe(1)-C(33) 94.3(3)                   N(6)-Fe(2)-C(66) 92.7(3) 
N(1)-Fe(1)-N(2) 78.9(3)                       N(6)-Fe(2)-N(7) 80.0(3) 
N(1)-Fe(1)-O(2) 159.8(2) N(6)-Fe(2)-O(5) 153.3(3) 
N(3)-Fe(1)-N(2) 161.2(3)                    N(8)-Fe(2)-N(7)      159.1(3) 
N(3)-Fe(1)-O(2) 77.6(2) N(8)-Fe(1)-O(5) 74.9(3) 
N(3)-Fe(1)-C(32) 92.1(3)                      N(8)-Fe(2)-C(65) 91.8(3) 
N(3)-Fe(1)-C(33) 91.9(3)                   N(8)-Fe(2)-C(66)         88.7(3) 
C(32)-Fe(1)-C(33) 170.7(4)                     C(65)-Fe(2)-C(66)    175.0(4) 
C(32)-Fe(1)-N(2) 90.2(3)                       C(65)-Fe(2)-N(7) 90.1(4) 
C(33)-Fe(1)-N(2) 88.7(3)                  C(66)-Fe(2)-N(7) 91.3(3) 
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independent molecules in the unit cell, but in contrast to 2.50, one of the complexes is LS 6-
coordinate and the second adopts a LS 5-coordinate geometry, Figure 2.49.195 
 
Figure 2.49. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(Ph)2-[Fe(N3O2)(CN)2]2  2.51 at 100 K. Thermal ellipsoids are plotted at 50%.195 
As this complex is warmed, the 5-coordinate complex undergoes a spin transition to HS 7-
coordinate, but as with our complex, the 6-coordinate complex remains unchanged, Figure 
2.50.196  The crystal packing of complex 2.50 reveals that on warming there are significant 
changes the H-bonding interactions between the axial cyanide ligands and the water molecules. 
This is most noticeable for molecule B where the CN···O distances are 2.943 and 2.978 Å for 
N(9) and N(10) at 200 K, Figure 2.45, green line. At 300 K however, the H-bonds involving N(9) 
to its neighboring water molecule are  shorter at 2.615 Å. There is not too much difference in the 
H-bond involving N(10), it is a little shorter at 2.848 Å. In contrast, the H-bonds involving the 
cyanide N(4) and N(5) atoms of molecule A are relatively unchanged namely, 2.872(1) and 
2.969(2)Å at 200 K and 2.898(2) and 3.005(3) Å at 300 K.   
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Figure 2.50. ORTEP representation of the molecular structure of two independent molecules of 
S,S,-(Ph)2-[Fe(N3O2)(CN)2]2  2.51 at 100 K. Thermal ellipsoids are plotted at 50%.196 
At 300 K the intermolecular Fe···Fe distances are 7.868(1) Å for Fe(1)···Fe(2) and  10.999(2) Å 
for Fe(1)···Fe(1). In this respect, the distances between two Fe(II) centres within a chain remain 
relatively unchanged, but the distances between two Fe(II) centres of neighbouring chains are 
increased by 0.175 Å as the temperature is increased. Unfortunately, attempts to collect thermal 
and LIESST susceptibility data on single crystals failed as the crystals decomposed on route to 
France. Nevertheless, UV-Vis spectroscopy and magnetic susceptibility data are consistent with 
S,S,-(PhCH2OCH2)2-[Fe(N3O2)(CN)2]2 being one of the first examples of a chiral spin crossover 
complex with ligand centered chirality. X-ray diffraction studies support the conclusion that 
despite its bulky side chains, this complex is still able undergo conformational changes in the 
solid state and so is able to accommodate the structural requirements necessary to undergo the 
spin crossover transition. Given the H-bonding interactions present the crystal packing of this 
complex, it would be interesting to study whether or not this affords cooperativity in the crystal 
lattice, as was observed for the parent system, and investigate whether or not there is a thermal 
hysteresis in the magnetic susceptibility data of the single crystals. Although none was observed 
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in the powder data, the composition of the powder and single crystals are different enough to 
expect a slightly different organization of the molecules in the solid date which could account for 
differences in their magnetic properties. This has been observed for several different alcohol 
solvates of [FeII(2-pic)3]Cl2 (pic = picolylamine), that contain the same crystal architecture but 
different spin conversion behaviours based on the nature of the solvent molecules and their 
interactions in the crystal lattice.197 Finally, LIESST studies of the diphenyl derivative 2.51 show 
that it undergoes a small photo-induced conversion at low temperature. Unfortunately, the 
SQUID magnetometer at Brock is not equipped with a laser in order to carry out LIESST 
measurements and the crystals of this complex did not survive the transit to France for the 
LIESST measurements. 
2.5.7 Conclusion and Outlook 
In the first part of this discussion section, four new carboxamide ligands L1, L2 and L3 
have been prepared and characterised all comprising of a 4,4’-bipyridine backbone. Coordination 
of ligand L1 with Cu(II) acetate in the absence of a base resulted in the formation of the 
bimetallic complex [Cu2(L1)] 2.11. X-ray diffraction studies revealed that both Cu(II) ions adopt 
a distorted square pyramidal geometry and are coordinated via two the N5 binding pockets of the 
ligand. The intramolecular Cu(II)···Cu(II) distances in the complex are 10.82 Å, while inter 
dimer distances between neighboring Cu(II) ions are shorter at 7.87 Å. The EPR spectrum is 
consistent with a complex containing Cu(II) ions in a distorted square pyramidal geometry,  
supporting the interpretation of the X-ray crystal data. Magnetic susceptibility studies of 2.11 
reveal that at high temperature, the complex is paramagnetic, but below 50 K weak 
antiferromagnetic interactions between Cu(II) ions are observed. Three other acetate salts of L1 
were prepared and although conditions could not be found to grow suitable single crystals for X-
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ray diffraction, their coordination complexes have been characterized. The magnetic 
susceptibility data for the Co(II) complex 2.8 is consistent with the ligand chelating in a 
pentadentate manner stabilizing the formation of a low spin, 2:1 metal to ligand complex.  The 
magnetic susceptibility and EPR data for the Mn(II) complex 2.10 is less clear and hints at a 2:1 
complex in which the coordination geometry stabilizes a possible intermediate S = 3/2 spin state 
for the two Mn(II) ions.  The magnetic and CHN data for the Ni(II) complex 2.9 are consistent 
with a 1:1 complex in which there are weak antiferromagnetic interactions between high spin 
Ni(II) ions at low temperature. The second ligand L2 has been prepared and its molecular 
structure has been elucidated by X-ray crystallography. The ligand forms a planar structure that 
forms dimeric stacks that pack in a herringbone arrangement along the b-axis of the unit cell. 
The insolubility of L2 and L3 in organic solvents rendered their coordination chemistry 
problematic. Although coordination with a range of transition metal salts was attempted, the lack 
of any structural data made their characterization and purification problematic. Nevertheless, 
Co(II) complexes of both L2 and L3 were prepared and magnetically characterized. Both of these 
ligands afforded 2:1 complexes in which the Co(II) ions are in the high spin state. This is 
suggesting that the ligands are coordinating in a tridentate rather than the pentadentate manner 
observed for L1. For [Co2(L2)(H2O)4] 2.12, above 50 K, the complex displays Curie-Weiss 
behaviour. Below 50 K, a fit to the low temperature data afforded a negative Weiss constant 
indicative of antiferromagnetic interactions between Co(II) ions. For [Co2(H2O)4] 2.13, above 50 
K the complex once again obeys Curie-Weiss behaviour however, below 40 K the magnetic 
susceptibility rises sharply, consistent with local ferromagnetic interactions between the Co(II) 
ions. These interactions can be interpreted as some form of magnetic ordering, or the onset of 
local antiferromagnetic interactions between feromagnetically coupled clusters or chains. Given 
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that the solution chemistry of these ligands is problematic, hydrothermal synthesis might offer an 
alternative strategy for exploring their coordination chemistry in the future. An alternative 
suggestion would be to introduce additional “solubilising” substituents such as methyl or ethyl 
chains onto the heterocyclic rings in order to help solubilise the ligands. 
In the second section of this discussion, synthetic effort was invested in the preparation of 
derivatives of 3,6-dioxaoctance-1,8-diamines as precursors to a new family of N3O2 macrocycles. 
Three novel dimeric macrocycles 2.20, 2.32, 2.33 were prepared via the metal templated Schiff-
base condensation of 2,2’-6,6-tetracetyl-4,4’-bipyridine together with the appropriate diamine 
precursor. The labile axial ligands of the first macrocycle were exploited together with a 
paramagnetic cyanometallate precursor to assemble a 1-D zig-zag chain that has been 
structurally and magnetically characterized. Two chiral dimeric Fe(II) macrocycles 2.32 and 2.33 
were prepared and magnetically characterized. Magnetic susceptibility studies indicate that both 
complexes undergo incomplete spin crossover transitions in the solid state. These are the first 
two examples of chiral dimeric Fe(II) spin crossover complexes reported to-date. Finally a new 
chiral derivative of the parent macrocycle S,S-(PhCH2OCH2)-[Fe(N3O2)CN2]  2.50 has been 
structurally and magnetically characterized. Magnetic susceptibility studies on a microcrystalline 
sample of 2.50 shows that this complex undergoes a spin crossover in the solid state, but no 
thermal hysteresis was observed. X-ray diffraction studies on single crystals of 2.50 reveal that 
the complex crystallizes with two independent molecules in the unit cell. At 200 K both of these 
complexes display the same coordination geometry, namely 6-coordinate octahedral, but as the 
crystal is warmed up, the geometry of one molecule remains unchanged whereas the second 
moves towards a seven co-ordinate geometry consistent with a change in spin state of the Fe(II) 
centre. This work has revealed that modification of the organic framework of the macrocycle is 
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far from trivial and a suitable synthetic route for the preparation of the dimethyl substituted 
macrocycle has not been found to-date. Given the bulky nature of the PhCH2OCH2 side chains, 
single crystals of these complexes are temperature sensitive. It seems that the phase transition 
accompanying their SCO transition results in destruction of the single crystals. Given this 
sensitivity, we have not managed to collect Mössbauer data or carry out detailed magnetic 
studies on this complex to-date. Efforts are now continuing on characterizing the diphenyl family 
of macrocycles as these are more temperature stable. Future work is aimed at investigating how 
their structural and magnetic properties can be altered and/or tuned by varying the spatial 
positions of the phenyl ring substituents. Future work on this project is needed to investigate the 
photomagnetism of single crystals of this complex and to prepare new families of N3O2 
macrocycles with labile axial ligands for incorporation into larger clusters and frameworks. 
Finally, although we were able to record the room temperature CD spectra of these complexes a 
collaboration is needed in the future to study how the optical rotation changes as the complex 
undergoes its spin crossover transition, in this respect we can evaluate whether or not spin state 
can be read out using optical rotation instead of more conventional methods. 
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Chapter 3 – Results and Discussion: Preparation and Study of a Family of 
Imine Bridged TTF Ligands. 
3.1 Introduction 
As previously mentioned in the introduction section of this thesis, the incorporation of electrical 
conductivity and magnetism into a single compound is one of the current challenges in the field 
of materials science. One recent approach to address these objectives is the through bond 
strategy which involves covalently linking a donor molecule such as TTF (source of itinerant π-
electrons) to a paramagnetic metal ion (source of localized d-electrons).84 The most important 
challenge in this strategy is the enhancement of the strength of the π-d interactions. One rationale 
employed to increase the nature of these interactions is to reduce the flexibility of the organic 
linker or bridge. Theoretical studies have revealed that an important parameter to consider in 
these compounds is the dihedral angle, Φ, which is used as a measure of planarity. A small Φ 
value represents a planar structure and is desirable because it provides maximum orbital overlap, 
a prerequisite for electrical conductivity.105 One of the strategies employed in the Pilkington 
group for the preparation of ferromagnetic conductors is to use a rigid linker, namely an imine-
bridge to connect a heterocyclic ligand to a TTF donor, which can also chelate to a paramagnetic 
transition metal ion, Scheme 3.1.107 Previous studies have demonstrated that the imine nitrogen 
of a TTF-CN-pyridyl donor is able to bind Cu(II) ions.107 Later studies by Decurtins,198 Salle199 
and co-workers have also shown that imine bridges can lead to interesting new structural 
topologies assembled from TTF donors and paramagnetic ions.  With this in mind, the short term 
objectives of this project were to synthesize and characterize a new family of imine-bridged 
electroactive TTF ligands and explore their corresponding coordination chemistry. Where 
possible, the structural and magnetic properties of these complexes were investigated. 
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Scheme 3.1. Representation of a TTF-CN-py linked donor. Φ represents the dihedral angle 
between the TTF donor and the pyridine ring.105 
 
3.2 Synthesis and characterisation of a family of electroactive TTF-CN-pyr ligands 
 TTF 3.1 is widely used for the preparation of multifunctional materials featuring electrical 
conductivity and magnetism.71 The large scale synthesis of TTF was carried out following the 
methodology by Bryce et al. to afford 3.1 as an orange crystalline solid in 60% yield.200 The TTF 
was characterized by 300 MHz 1H and 13C NMR spectroscopy, as well as EI mass spectroscopy. 
Melting point analysis confirmed the purity of the organosulfur donor and was in agreement with 
literature values.  The preparation of formyltetrathiafulvalene 3.2 was carried out following the 
synthetic procedure reported by Garin et al.201 The aldehyde was isolated as a red solid in 60 % 
yield and characterized by 1H NMR as well as EI mass spectroscopy.  The spectroscopic data 
was consistent with the literature data.201 Given that the first ligand system L4 had been 
previously prepared in the group, the first objectives of this study were to develop the synthetic 
chemistry to extend this family of systems by appending a range of heterocyclic ligands with 
different coordination preferences onto the framework of the TTF molecule via a conjugated 
imine linker. The coordination chemistry of these new donors could then be explored allowing 
their evaluation as building blocks for the self-assembly of magnetic and/or conducting -d 
systems. In this respect, four new imine bridged TTF ligands, L5-L8 were prepared. The general 
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procedure for their preparation is summarized in Scheme 3.2.107 The Schiff-base condensation of 
one equivalent of formyltetrathiafulvalene 3.2 with ten equivalents of commercially available 2-
aminopyridine, 4-aminopyridine, 2-aminothiazole, 2-aminothiadiazole and 2,5-diamino-1,2,4-
triazole, afforded L4-L8 respectively.  
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Reagents and conditions: i) LDA/Et2O, -780C, 1.5 hr. ii) Ph(Me)CHO, 1 h to r.t., 12 h;  iii) 2-aminopydine CH2Cl2,  
reflux, 24 h;   iv) 4-aminopyridine, toluene/reflux, 48 h; v) 2-aminothiazole, CH2Cl2/reflux, 24 h; vi) 2-
aminothiadiazole, CH2Cl2/reflux, 48 h; vii) 2,5 diamino-1,2,-4 triazole, CH2Cl2/ EtOH/reflux, 48 h.  
Scheme 3.2. Synthetic route for the preparation of ligands L4-L8. 
 
All reactions were carried out in dry solvents in the presence of activated molecular sieves. The 
progress of each of the reactions was monitored by TLC and the crude products were purified by 
column chromatography to afford the ligands in reasonable yields (see later).  Imine bonds are 
very sensitive to hydrolysis and generally not robust enough to be purified on silica gel. 
Purification in this case was successful since the imine function is stabilized through conjugation.  
The preparation and characterization of each ligand is discussed in more detail below. 
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3.2.1 Preparation and characterization of TTF-CH=N-2Py (L4)107 
 Ligand L4 was synthesized as previously reported via the Schiff-base condensation of 2-
aminopyridine and TTF-CHO in the presence of 4 Å molecular sieves and isolated as a dark 
brown solid in 70 % yield.107  
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 The 300 MHz 1H NMR spectrum of L4 is consistent with the literature showing a singlet at 9.06 
ppm assigned to the imine 6-H proton. The aromatic protons of the pyridine ligand are observed 
between 8.46 to 7.29 ppm. The protons for the TTF are observed as a doublet that integrates to 
one proton at 8.46 ppm for 8-H and a singlet worth two protons at 6.68 ppm for 11- and 12-H.107 
The 13C NMR spectrum of L4 shows 12 peaks from 159.4 to 107.5 ppm consistent with the 
molecular structure of L4.107A resonance for the sp2 carbon of the imine is visible at 159.4 ppm. 
A C=N str for the imine is also visible in the IR spectrum at 1625 cm-1. A peak in the FAB mass 
spectrum at m/z = 309 is assigned to the parent ion [MH]+. CHN elemental analysis data for L4 is 
within the acceptable +/- 0.4% margin of error for C12H8N2S4. The UV-Vis absorption bands for 
ligands L4-L8 are summarized in Table 3.1.  
 
Table 3.1. UV-Vis absorption bands in CH2Cl2 (8.5 x 10-5 M) and redox potentials for TTF and 
L4 to L8 in DMF; Scan rate 100 mV s -1. Pt wire the counter electrode, 0.1 M n-Bu4NPF6 as the 
supporting electrolyte. Glassy carbon as the working electrode. 
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Ligand λmax (nm); ε (M-1cm-1) E11/2a/mV E21/2 a/mV 
TTF 300 (22040) 410 660 
L4 318 (20000), 498 (3529) 533 770 
L5 306 (23529), 497 (4588) 520 780 
L6 319 (3600), 500 (65) 530 740 
L7 315 (2356), 543 (425) 562 781 
L8 300 (5265), 475 (350). 554 794 
a Potentials are recorded vs AgCl/Cl reference. 
The UV-Vis spectrum of L4 shows two bands, the first a strong absorption at λ = 318 nm 
attributed to  to * interactions involving the TTF and pyridyl groups, and a second moderate 
absorption band at λ = 498 nm attributed to the intramolecular charge transfer from the HOMO 
of the TTF donor to the LUMO of electron accepting unit, 96 Table 3.1.  
 
Figure 3.1. UV-Vis spectrum of a 8.5 x 10-5 M solution of L4 in CH2Cl2. 
 
This second band is not present in the parent unsubstituted TTF system studied under the same 
conditions and is absent from a solution containing a mixture of TTF and pyridine which 
underlines the intramolecular connecting role of the conjugated imine linker. The redox 
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properties of L4 were determined by cyclic voltammetry (CV), Table 3.1. For this ligand, two 
reversible single electron waves were observed. The E1ox and E2ox values are 533 and 770 mV 
respectively. Compared to the oxidation of unsubstituted TTF, measured under the same 
conditions, these values are shifted to higher positive values relative to parent TTF since the 
electron withdrawing nature of substituents makes oxidation of the TTF core more difficult, 
Figure 3.2. The redox potentials for all five ligands are summarized in Table 3.1 and are 
anodically shifted compared with the potentials of TTF. 
 
Figure 3.2. Cyclic voltammogram of TTF and L4 in DMF at a scan rate of 100 mV s-1 
3.2.2 Preparation and characterization of TTF-CH=N-4Py (L5) 
Ligand L5 was synthesized following the general procedure presented in Scheme 3.2. The Schiff 
base condensation of formyltetrathiafulvalene with commercially available 4-aminopyridine 
afforded a red solid which was purified by column chromatography to obtain the desired ligand 
as a red solid in 30 % yield.                                                                                                                                                                                                                          
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The EI mass spectrum showed a peak at m/z = 309 corresponding to the protonated molecular ion 
[MH]+. The IR spectrum shows a C=N str for the imine linker at 1651 cm-1. The 300 MHz 1H 
NMR spectrum of ligand L5 shows a resonance at 8.81 ppm assigned to the imine 6-H. A doublet 
observed at 8.60 ppm is assigned to the pyridyl 3-H and 2-H protons. A second doublet at 7.12 
ppm can be attributed to the pyridyl 4-H and 1-H. A resonance frequency for the 8-H of the TTF 
is observed at 9.00 ppm, while the 11-H and 12-H protons appear as a doublet upfield at 6.39 
ppm.  The 13C NMR spectrum shows seven peaks from 152.8 to 115.7 ppm, with the sp2 carbon 
of the imine observed at 152.8 ppm. The absorption bands in the UV-Vis spectrum and the redox 
potentials for L5 are presented in Table 3.1. In this respect the properties of this ligand are in 
agreement with those discussed for L4 and once again consistent with the moderate electron-
accepting character of the pyridyl ring. Single crystals suitable for X-ray diffraction were 
obtained via slow evaporation of a 1:1 DCM/MeOH solution of L5. The molecular structure of 
the L5 is shown in Figure 3.3. 
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Figure 3.3. ORTEP representation of the molecular structure of L5 with suitable labelling 
scheme. Thermal ellipsoids are plotted at 50 % probability. H-atoms have been omitted for 
clarity. 
. The ligand crystallizes in the monoclinic space group P21/c with one independent molecule in 
the asymmetric unit. 
The TTF is planar, but the pyridyl ring is twisted so that the dihedral angle between the plane of 
the TTF, defined by the six central atoms (S1, S1, C3, C4, S3, S4), and the pyridine ring is 65.9º.  
The central C6-C7 bond length 1.345(2) Å is consistent with the presence of a neutral TTF donor. 
A summary of bond lengths and bond angles for for L5 are presented in Table 3.2. 
Table 3.2. Bond lengths [A] and angles [º] for L5 
 
S(1)-C(2)      1.7345(16)                     S(1)-C(3) 1.7596(15) 
S(2)-C(1)                     1.7344(17)   S(2)-C(3) 1.7614(15) 
S(3)-C(6)                     1.7526(15) S(3)-C(4) 1.7594(15) 
S(4)-C(5)    1.7279(15) S(4)-C(4) 1.7628(15) 
N(1)-C(7)                     1.2771(19)   N(1)-C(8) 1.4083(19) 
N(2)-C(11)                   1.332(2) N(2)-C(12) 1.337(2) 
C(1)-C(2)                     1.331(2) C(3)-C(4) 1.345(2) 
C(5)-C(6)                     1.344(2)     
C(2)-S(1)-C(3)   94.86(7) N(2)-C(12)-C(10) 124.70(15) 
C(1)-S(2)-C(3) 94.92(7) C(6)-S(3)-C(4) 94.57(7) 
C(5)-S(4)-C(4)               95.07(7) N(1)-C(7)-C(6)              120.77(14) 
C(10)-C(8)-C(9)           117.41(14) C(10)-C(8)-N(1) 120.15(14) 
C(9)-C(8)-N(1)             122.37(13)   C(11)-C(9)-C(8)   119.47(15) 
C(12)-C(10)-C(8)         118.52(15) N(2)-C(11)-C(9) 123.88(16) 
 
Close examination of the crystal packing of L5, reveals that the molecules stack in a head-to-tail 
fashion with short edge-to-edge S…S contacts of 3.473(2) Å between two S4 atoms of 
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neighbouring TTF donors and 3.556(2) Å between two neighbouring S2 atoms, Figure 3.4. There 
are no significant H-bonding or - stacking interactions in the crystal structure of this molecule. 
 
Figure 3.4. Crystal packing diagram for ligand L5. View down the b-axis of the unit cell. The 
shortest S···S contacts are shown as green dashed lines.   
 
During the course of this research the synthesis and its selectivity of L5 for binding Pb2+ ions was 
reported.202 The ligand was prepared via an alternative methodology, namely from 4-
aminopyridine and dibromotriphenylphosphorane employing the aza-Wittig reaction, but it has 
not been structurally characterized to-date.202 The efficiency of the imine C=N bond as a -
conjugated linker was demonstrated and supported by B2LYP/6-31G(d,p) calculations.202  
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3.2.3 Preparation and characterization of TTF-CH=N-thiazole (L6) 
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Ligand L6 was synthesized following the procedure presented in Scheme 3.2. The Schiff-base 
condensation of TTF-CHO with 2-aminothiazole afforded L6 which was purified via flash 
chromatography on silica gel to yield L6 as a purple solid in a 70 % yield. The FAB mass 
spectrum shows a peak at m/z = 314 which is consistent with the molecular ion [M]+. The IR 
spectrum shows a C=N str for the imine linker at 1625 cm-1. UV-Vis spectrum and redox 
potentials for this ligand are very similar to that previously discussed for L4 and L5, Table 3.1. 
The 300 MHz 1H NMR spectrum of L6 shows a singlet downfield at 8.84 ppm, assigned to 4-H 
of the imine. A doublet at 7.65 ppm is consistent with the aromatic 2-H of the thiazole ring. A 
singlet at 7.20 ppm is assigned to 6-H of the TTF, a doublet at 7.12 ppm is assigned to 1-H of the 
thiazole ring and a doublet at 6.38 ppm is assigned to the 9- and 10-H protons of the TTF. The 
13C NMR spectrum shows ten peaks between 168.9 and 107.1 ppm. A peak for the imine 4-C 
carbon is present at 152.9 ppm. The CHN elemental analysis data is within the +/- 0.4% margin 
of error for C10H6N2S5, supporting the proposed molecular structure of L6.  
3.2.4 Preparation and characterization of TTF-CH=N-thiadiazole (L7) 
Ligand L7 was synthesized following the procedure presented in Scheme 3.2. The Schiff-base 
condensation of TTF-CHO with 2-aminothiazole afforded L6 which was purified via flash 
chromatography on silica gel to yield a purple solid in 80 % yield. 
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The FAB mass spectrum shows a peak at m/z = 314 which is consistent with the molecular ion 
[M]+. The IR spectrum shows a C=N str for the imine linker at 1618 cm-1. The 300 MHz 1H 
NMR spectrum of L6 shows a singlet downfield at 9.03 ppm assigned to the 3-H proton of the 
imine. A singlet at 8.85 ppm is consistent with the aromatic 1-H proton of the thiadiazole ring. A 
singlet and a doublet at 7.38 and 6.38 ppm are then assigned to the three protons 5-H, 8-H and 9-
H of the TTF donor. The 13C NMR spectrum shows nine peaks between 173.9 and 121.3 ppm 
consistent with the molecular structure of L6. The 3-C of the imine is observed at 173.9 ppm. 
The CHN elemental analysis data is within the +/- 0.4% margin of error for C9H5N3S5, 
supporting the assignment of the molecular structure of L6.  The UV-Vis data and oxidation 
potentials for L6 are presented in Table 3.1. Interestingly, the second absorption band in the UV-
Vis spectrum is red shifted by 45 nm compared to L4 and the first oxidation potential for the 
generation of [TTF].+ is also higher. The red shift in the interactions is consistent with an 
increase in conjugation through the imine linker for this heterocycle. This results in a slightly 
less electron rich TTF donor and thus a shift in its first oxidation potential to a slightly higher 
value when compared with L4. 
3.2.5 Preparation and Characterisation of (TTF-CH=N)2-triazole (L8) 
Ligand L8 was synthesized following the procedure presented in Scheme 3.3. Due to the poor 
solubility of 2,5-diamino-1,2,4-triazole in dichloromethane, the reaction was carried out in a 10:1 
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mixture of DCM/EtOH in the presence of activated molecular sieves. The crude product was 
purified by column chromatography to afford L8 as a red solid in 20 % yield, Scheme 3.3.  
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Reagents and conditions: 4 Å molecular sieves, reflux 48 h. 
Scheme 3.3. Synthesis of ligand L8 
 
The poor yield of this reaction might be attributed to poor solubility of 2,5-diamino-1,2,4-triazole 
in organic solvents. Attempts were made to vary the reaction conditions, but the final yields of 
the ligand were still poor. The FAB mass spectrum of L8 shows a peak at m/z = 526 assigned to 
the protonated molecular ion [MH]+. The C=N str of the imine is visible at 1634 cm-1 in the IR 
spectrum. In the 300 MHz 1H NMR spectrum, the TTF protons H-7 and H-8 are observed as a 
doublet at 6.42 ppm, and H-4 is observed as a singlet at 7.63 ppm. The imine proton H-2 is seen 
downfield as a singlet at 8.70 ppm. The 13C NMR spectrum has seven peaks from 156.8 to 119.6 
ppm. The imine 2-C carbon is assigned to the resonance at 156.8 ppm. The peak at 154.4 ppm is 
assigned to the 1-C of the triazole heterocycle. Two peaks at 153.4 and 135.7 ppm are assigned 
to the 3-C and 4-C carbons of the TTF. Two resonances for the 7-C and 8-C of the TTF are 
overlapping at 119.6 ppm. The CHN elemental analysis data is within the +/- 0.4% margin of 
error for [C16H9N5S8]·4CH3OH. The UV-Vis absorption bands and the oxidation potentials for 
L8 compound are presented in Table 3.1 and within the range reported for ligands L4 to L7. 
Single crystals suitable for X-ray diffraction were grown via slow evaporation of a 1:1 
DCM/MeOH solution of L8 at room temperature. The compound crystallizes in the monoclinic 
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space group P21/c and its molecular structure is presented in Figure 3.5. Unfortunately during the 
crystallization process one of the imine bonds was hydrolyzed back to the amine, affording 3.3 
where only one TTF donor is connected to the triazole heterocycle.  
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S N
3.3  
The molecular structure of the TTF appended heterocycle is presented in Figure 3.5 and selected 
bond lengths and angles for 3.3 are presented in Table 3.3. The C3-C4 bond length of 1.350(2) Å 
which is sensitive to oxidation is in agreement with previous reported values for neutral donors 
of TTF. 
 
Figure 3.5. ORTEP plot of the molecular structure of 3.3 together with the appropriate labelling 
Scheme (thermal ellipsoids are plotted at 50%). H-atoms are omitted for clarity. 
 
 
In contrast to the molecular structure of L5, this compound is almost planar in the solid state with 
only a small dihedral angle of 11º between the best planes of the TTF and triazole rings. 
 
Table 3.3. Selected bond lengths and angles for 3.3 
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C(1)-C(2) 1.320(4) C(4)-S(1) 1.7572(14) 
C(2)-S(3) 1.740(2) C(4)-S(2) 1.7614(16) 
C(3)-C(4) 1.350(2) C(5)-C(6) 1.3522(18) 
C(3)-S(4) 1.7550(16) C(5)-S(2) 1.7224(15) 
C(3)-S(3) 1.7602(19) C(6)-S(1) 1.7455(14) 
C(6)-S(1)-C(4) 94.77(7) C(2)-S(3)-C(3)   94.79(10) 
C(5)-S(2)-C(4) 94.87(7) C(1)-S(4)-C(3)   94.52(10) 
C(4)-C(3)-S(3) 122.19(12) S(4)-C(3)-S(3)   114.38(9) 
C(3)-C(4)-S(1) 121.89(13) S(1)-C(4)-S(2)   114.88(8) 
 
 
A study of the crystal packing reveals that the organization of the molecules in the solid state is 
dominated by intermolecular H-bonding interactions involving the N atoms of the imine bridge 
and the 1,2,4-triazole heterocycle.  In this respect, H-bonding interactions range from 2.937 to 
3.018 Å, Figure 3.6.  
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Figure 3.6. Packing diagram for 3.3.  View down the b-axis. The green dashed lines represent H-
bonding interactions. 
 
The molecules stack in an offset head-to-tail arrangement of dimers such that there are - 
stacking interactions in the range of 3.368 and 3.481 Å between a triazole group of one molecule 
and the TTF heterocycle of a neighbouring molecule, Figure 3.7. There are no short S···S 
contacts in the crystal structure of this molecule. 
 
Figure 3.7. Head-to-tail arrangement of TTF-CN-triazole molecules showing short contacts 
(green dashed lines) between pairs of molecules. H-atoms are omitted for clarity. 
 
Once the family of polychelate imine bridged TTF ligands were prepared and characterized the 
next objective of the project was to explore their coordination chemistry with 
[M(II)(hfac)2].xH2O salts (M(II) = Mn, Co, Ni and Cu). The resulting coordination chemistry 
studies are presented in the next section of this thesis. 
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3.3 Coordination chemistry studies of ligands L4 to L7 with selected [M(II)(hfac)2] salts. 
3.3.1 Preparation and Characterization of [NiII(L4)(hfac)2] 3.4 
The Ni(II) complex was prepared by the addition of one equivalent of Ni(hfac)2·2H2O to a 
solution of one equivalent of ligand L4 in CH2Cl2.   The reaction mixture was stirred at room 
temperature for 2 h after which time pentane was added and the complex was isolated as a dark 
purple precipitate in 30 % yield. The FAB mass spectrum of 3.4 displays a parent ion at m/z = 
785. A C=N str in the IR spectrum at 1641 cm-1 confirms the presence of the imine linker. The 
UV-Vis absorption bands and redox potentials for the complex are summarized in Table 3.4. The 
complex displays a similar absorption spectrum to that of the free ligand with a strong maxima at 
 = 312 nm and a weaker band at  = 507 nm. The two bands are only very slightly red shifted 
when compared to the free ligand. The coordination complex displays two reversible oxidation 
potentials at 540 and 780 mV corresponding to the generation of the radical cation and dication 
of TTF respectfully, Table 3.4. 
Table 3.4. UV-Vis absorption λmax (nm) in CH2Cl2 (6.4 x 10-5 M) and electrochemical properties 
for coordination complexes of L4 to L7 in DMF; Scan rate 100 mV s -1. Pt wire the counter 
electrode, 0.1 M n-Bu4NPF6 as the supporting electrolyte. Glassy carbon as the working 
electrode. 
 
Complex λmax (nm) ε (M-1cm-1) E11/2a/mV E21/2 a/mV 
[Ni(L4)(hfac)2](3.4) 312 (1491), 507 (137) 540 780 
[Cu(L5)(hfac)2](3.5) 320 (1466), 490 (123)   535 770 
[Mn(L6)2(hfac)2] (3.6) 311 (8823), 520 (123) 545 765 
[Co(L6)2(hfac)2] (3.7) 302 (7503), 529 (375) 550 580 
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[Ni(L6)2(hfac)2] (3.8) 315 (6540), 525 (102) 532 760 
[Cu(L6)2(hfac)2] (3.9) 295 (3625), 505 (254) 541 790 
[Ni(L7)(hfac)2] (3.10) 307 (2054), 509 (65) 530 770 
a Potentials are recorded vs AgCl/Cl reference. 
 
Structural Studies 
 Small dark-purple needles suitable for X-ray diffraction were grown from the diffusion of 
hexane into a dichloromethane solution of 3.4 at room temperature. The complex crystallizes in 
the triclinic space group P-1. The asymmetric unit contains one independent molecule. The 
molecular structure reveals that the complex comprises of one TTF ligand coordinating to the 
Ni(II) centre via its imine and pyridyl N atoms. Two hfac ligands complete the distorted 
octahedral coordination geometry around the Ni(II) centre and balance the overall charge of the 
complex, Figure 3.7.  
 
 
Figure 3.8. ORTEP representation of the molecular structure of [NiII(L4)(hfac)2] 3.4. Thermal ellipsoids 
are plotted at 50 % probability. H-atoms are omitted for clarity. 
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The C9-C10 bond length of 1.338(2) Å is consistent with the presence of a neutral TTF donor. 
Selected bond lengths and angles for 3.4 are presented in Table 3.5.  As often observed in the X-
ray data of hfac ligands, large thermal coefficients and residual electron density are found for the 
fluorine atoms suggesting thermal motion and/or positional disorder.203  
Table 3.5. Selected Bond lengths [Å] and angles [º] for complex 3.4. 
 
The neutral TTF molecules adopt a boat conformation and are slightly folded at S1, S2 and S3, 
S4. The dihedral angle between the plane of TTF defined by the six central atoms S1, S2, S3, S4, 
C9 and C10 and the plane of the pyridine ring is 34.1º. The central C=C bond length of the TTF 
core (C(9)-C(10)= 1.338(2) Å), is within the range reported for neutral TTF donors.103,105,107 The 
coordination mode of this ligand is consistent with the previously reported Cu(II) complex.107 
Ni(1)-O(2)     2.0138(11)           C(7)-C(8) 1.351(2) 
Ni(1)-O(4)    2.0146(10) C(9)-C(10) 1.338(2) 
Ni(1)-O(3)    2.0246(11)          C(11)-C(12) 1.318(2) 
Ni(1)-O(1)    2.0329(10) S(3)-C(11)         1.7493(16) 
Ni(1)-N(2)    2.0392(13) S(3)-C(10)         1.7512(15) 
Ni(1)-N(1)     2.2951(13) S(4)-C(12)         1.7479(17) 
           S(1)-C(8)     1.7141(16) S(4)-C(10)         1.7553(15) 
           S(1)-C(9)    1.7615(15)            S(2)-C(7)                  1.7635(16)   
           S(2)-C(9)                   1.7624(14) O(2)-Ni(1)-O(1)  91.66(4) 
O(2)-Ni(1)-O(4) 92.20(4) O(4)-Ni(1)-O(1) 175.87(4) 
O(2)-Ni(1)-O(3) 90.80(4) O(3)-Ni(1)-O(1) 88.24(4) 
O(4)-Ni(1)-O(3) 90.25(4) O(2)-Ni(1)-N(2) 95.94(5) 
O(4)-Ni(1)-N(2) 88.70(5) O(3)-Ni(1)-N(2) 173.22(5) 
O(1)-Ni(1)-N(2) 92.34(5) O(4)-Ni(1)-N(1) 86.54(4) 
O(2)-Ni(1)-N(1) 157.89(5) O(3)-Ni(1)-N(1) 111.27(4) 
O(1)-Ni(1)-N(1) 90.42(4) N(2)-Ni(1)-N(1) 61.98(5) 
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Close examination of the crystal packing reveals that the complex forms dimers that stack in a 
head-to-tail fashion along the a-axis of the unit cell with short intra dimer S···S contacts of 3.334 
Å, Figure 3.9. The pyridyl ring of the one molecule is involved in a - stacking interaction with 
a dithiole TTF ring of the neighbouring molecule involved in the dimer pair. In this respect, the 
distance between the best planes of their rings is 3.469 Å. There are no significant hydrogen 
bonding interactions in the crystal packing of this complex. 
 
 
Figure 3.9. Packing diagram  for [NiII(L4)(hfac)2] 3.4 showing the organization of the TTF 
donors into pairs of dimers. Ni(hfac)2 units and H atoms are omitted. View down the c-axis of 
the unit cell. SS contacts between one dimer pair are shown as a green dashed line. 
Magnetic studies 
 The magnetic properties of the nickel complex were examined on a SQUID 
magnetometer in an applied field of 0.75 T between 5 and 300 K. The sample was corrected for 
diamagnetism associated with the capsule and sample holder. The sample exhibited Curie Weiss 
behaviour across the entire temperature range with C = 1.180 emu.K.mol-1 and  = -0.60 K 
(Figure 3.10, inset) indicative of weak antiferromagnetic interactions or a small single ion 
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anisotropy. The value of C is consistent with an S = 1 paramagnet with g = 2.169, which falls in 
the expected range for octahedral NiII complexes (ca. 2.0 – 2.3).204  From these studies we can 
conclude that the coordination complex is structurally very similar to the Cu(II) complex 
reported earlier by the Pilkington group.107  Although it was not surprising to us that Cu(II) can 
accommodate a distorted octahedral geometry with Jahn Teller distorted axial ligands, we were 
curious to investigate whether or not other metals would bind to this ligand in the same manner. 
From this study we can conclude that this particular donor ligand favours coordination in a 
bidentate manner through the N atoms of the pyridine heterocycle and the imine linker. 
Obviously the bite angle of this ligand can accommodate the bidentate binding mode. 
 
 
 
Figure 3.10 Temperature dependence of T for 3.4 between 5 and 300 K with (inset) the Curie-
Weiss behaviour. The solid lines reflect Curie Weiss behaviour with C = 1.180 emu.K.mol-1 and 
 = -0.60 K. 
In the next part of this study we were interested to examine whether or not the ligand would still 
manage to coordinate in a bidentate manner when we append a smaller five-membered 
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heterocyclic ring. Furthermore, these heterocycles have more than one coordination site for 
chelation to metal ions so could afford higher dimensionality materials with the correct choice of 
metal ions.   
3.3.2 Preparation and Characterization of [CuII(L5)2(hfac)2] 3.5 
Reaction of one equivalent of Cu(hfac)2.2H2O with 2 equivalents of ligand L4 in CH2Cl2 afforded 
the 2:1 complex 3.5 as a dark red solid in 22 % yield. The UV-Vis spectrum and cyclic 
voltammetry data is very similar to previously discussed for 3.4 and is summarized in Table 3.4.   
Single crystals suitable for X-ray diffraction were obtained via the slow evaporation of a 
dichloromethane solution of 3.5 at room temperature.  
Structural studies 
 The X-ray crystal structure confirms the isolation of a 2:1 complex with two TTF-CN-
pyridyl ligands coordinated in a trans manner to one [Cu(hfac)2] unit, The complex crystallizes 
in the triclinic space group P-1, with one half of two independent molecules in the asymmetric 
unit.  Both Cu(II) ions sit on crystallographic inversion centres. The coordination geometry 
around each Cu(II) is distorted octahedral with the Cu(II) ions bonded to four oxygen donors 
from two bidentate hfac anions and two pyridyl nitrogen atoms from the TTF-CN-pyridyl donors, 
Figure 3.11. For both molecules, two pyridyl nitrogen atoms and one oxygen atom from each 
hfac ligand are coordinated in the equatorial plane with bond lengths of 2.034(4) Å and 2.018(4) 
Å for Cu-N2 and Cu-N4 and 2.010(4) Å for Cu-O2 and Cu-O4. 
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Figure 3.11. ORTEP plot of one independent molecule, A of 3.5 with appropriate labelling 
scheme. Only the crystallographically unique atoms are labelled. Thermal ellipsoids are plotted 
at 40% probability. H atoms are omitted for clarity. 
 
The Cu-O1 and Cu-O3 bond distances are longer at 2.274(3) Å for Molecule A and 2.305(4) Å 
for Molecule B and correspond to the axial Jahn-Teller axes.103 The C3-C4 bond lengths of the 
TTF are consistent with it being a neutral donor. The dihedral angle between the TTF-core and 
the pyridine ring is 47º. Selected bond lengths and angles for Molecules A and B are presented in 
Table 3.6. 
Table 3.6. Selected bond lengths [Å] and angles [º] for [CuII(L6)2(hfac)2] 3.5. 
 
 Molecule A 
Cu(1)-O(2) 2.009(4) S(1)-C(4) 1.776(5) 
Cu(1)-N(2) 2.034(4) S(2)-C(5) 1.775(5) 
Cu(1)-O(1) 2.274(3) S(3)-C(2) 1.766(5) 
S(1)-C(6) 1.736(5) S(4)-C(3) 1.769(5) 
S(2)-C(4) 1.773(5) O(2)-C(15) 1.275(6) 
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Molecule B 
Cu(2)-O(4) 2.010(3) S(5)-C(20) 1.778(5) 
Cu(2)-N(4) 2.018(4) S(5)-C(22) 1.764(5) 
Cu(2)-O(3) 2.305(4) O(3)-C(29) 1.245(6) 
C(21)-C(22) 1.349(7) C(21)-C(22) 1.349(7) 
S(6)-C(21) 1.727(5) N(4)-C(26) 1.361(6) 
S(6)-C(20) 1.772(5) N(3)-C(24) 1.413(6) 
S(7)-C(19) 1.773(5) S(8)-C(19) 1.771(5) 
S(8)-C(17) 1.756(5) S(8)-C(17) 1.756(5) 
S(8)-C(19) 1.771(5) N(3)-C(24) 1.413(6) 
S(7)-C(18) 1.746(5) C(19)-C(20) 1.353(7) 
C(23)-N(3)-C(24) 117.1(4) C(21)-S(6)-C(20) 94.4(2) 
N(4)-Cu(2)-O(3) 91.76(15) C(22)-S(5)-C(20) 94.2(2) 
O(4)-Cu(2)-N(4) 89.47(14) O(4)-Cu(2)-O(3) 91.59(13) 
 
Interestingly, the TTF donors in Molecule A and B adopt different conformations. For molecule 
A the TTF is planar, while the TTF donor in molecule B adopts a boat conformation, Figure 3.12 
S(3)-C(3) 1.766(5) O(4)-C(31) 1.283(6) 
S(4)-C(1) 1.750(6) C(3)-C(4) 1.359(7) 
O(1)-C(13) 1.253(6) C(5)-C(7) 1.447(6) 
C(1)-C(2) 1.345(7) C(5)-C(6) 1.354(6) 
C(8)-C(11) 1.411(7) C(8)-C(9) 1.396(7) 
C(9)-C(10) 1.391(6 ) C(11)-C(12) 1.396(6) 
O(2)-Cu(1)-N(2) 89.89(15) O(2)-Cu(1)-O(1) 91.53(13) 
N(2)-Cu(1)-O(1) 91.10(13) C(6)-S(1)-C(4) 94.5(2) 
C(4)-S(2)-C(5) 94.5(2) C(3)-S(3)-C(2) 94.7(2) 
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(top). Close examination of the crystal packing shown reveals orthoganol layers of organic TTF-
and inorganic [Cu(hfac)2] sublattices running along the b-axis of the unit cell, Figure 3.12 
(bottom).  
 
 
 
Figure 3.12. (top) Two different TTF conformations for molecules A and B; (bottom) 
Orthogonal arrangement of organic TTF donors and inorganic Cu(hfac)2 units in the crystal 
packing of 3.5. View along the b-axis of the unit cell. 
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Removing the Cu(hfac)2 units enables us to more closely examine the packing arrangement of 
the TTF donors. The donors stack in an ABAB arrangement along the b-axis of the unit cell, 
Figure 3.13. The SS contacts between the donors are in the range of 3.399 to 3.534 Å. 
 
Figure 3.13. View of the crystal packing of the TTF-CN-py donors down the c-axis. The 
Cu(hfac)2 and H-atoms are omitted. SS contacts are shown as green dashed lines.  
 
Magnetic Studies 
  The magnetic properties of 3.5 were examined on a SQUID magnetometer in an applied 
field of 0.1 T between 5 and 300 K. The sample was corrected for diamagnetism associated with 
the capsule and sample holder. The sample exhibited Curie Weiss behaviour across the entire 
temperature range with C = 0.490 emu.K.mol-1 and  = +1.15 K (Figure 3.14, inset). The value 
of C is consistent with an S = ½ paramagnet with g = 2.29 which falls in the expected range for 
CuII complexes (ca. 2.0 – 2.3) and in reasonable agreement with that determined by EPR, g = 
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2.19 (see below). The value of T is essentially temperature independent, although a broad 
feature is evident around 50 K which can be attributed to traces of O2 impurity in the sample.  
 
 
Figure 3.14. Temperature dependence of T for 3.5 between 5 and 300 K with (inset) the Curie-
Weiss behaviour. The solid lines reflect Curie Weiss behaviour with C = 0.490 emu.K.mol-1 and 
 = +1.15 K. 
The EPR spectrum of [CuII(L6)2(hfac)2] 3.5 was recorded on a Bruker EMXplus X-band EPR 
spectrometer with an operating frequency of 9.8704 GHz at room temperature. The EPR 
spectrum plus simulation is presented in Figure 3.15 and reveals a pseudo-axial spectrum 
consistent with a Jahn-Teller elongated octahedral CuII centre (gz> gx ~ gy > 2.0), i.e. gz = 2.37, gy 
= 2.16, gx = 2.035). The z-component appears to exhibit some broad features to lower field 
which can be attributed to hyperfine coupling to 63Cu and 65Cu (aCu(z) ~ 165 G), though the 
poorer resolution of the low field end of the spectrum  leads to some uncertainty in both gz and 
the corresponding hyperfine interaction, aCu(z). Despite the slightly poor resolution of the 
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spectrum the g value matches well with the susceptibility data and is consistent with the complex 
being an S = ½ paramagnet with g value in the range of 2.29- 2.19. 
 
 
Figure 3.15. (top) solid state X-band EPR spectrum of [CuII(L6)2(hfac)2] 3.5 recorded at room 
temperature. The simulation parameters are: gz = 2.37, gy = 2.16, gx = 2.035, az(cu) =  165 G. 
(Bottom) EPR in DCM solution at room temperature.  
3.3.3 Preparation and Characterization of [MnII(L6)2(hfac)2] 3.6 
Addition of one equivalent of Mn(hfac)2·2H2O to one equivalent of L6 in CH2Cl2 afforded a 
violet solution which was stirred at room temperature for 2 h. Pentane was then added and the 
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complex was precipitated to afford 3.6 as a purple solid in 40 % yield. The presence of the imine 
linker was confirmed by the C=N str at 1645 cm-1 in the IR spectrum. The absorption bands in 
the UV-Vis spectrum and redox potentials are characteristic for this family of complexes and are 
summarized in Table 3.4. The CHN elemental analysis data for 3.6 was within the +/-0.4 % 
margin of error for C30H20F12MnN4O4S10, supporting the formation of a 2:1 ligand to metal 
complex.    
Structural Studies 
Dark-purple needles suitable for X-ray crystallography were grown via liquid diffusion of 
hexane into a dichloromethane solution of 3.6.  The complex crystallizes in the triclinic space 
group P-1 with one independent molecule in the unit cell. The molecular structure confirms that 
the complex comprises of two TTF-CN-thiazole donors and two hfac ligands coordinated to a 
Mn(II) ion, Figure 3.16.  
 
Figure 3.16. ORTEP representation of the molecular structure of [MnII (L6)2(hfac)2] 3.6 with 
appropriate labeling scheme. Thermal ellipsoids are plotted at 40 %. H-atoms are omitted for 
clarity. 
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In contrast to the previously described 2:1 Cu(II) complex of L5 3.5, the two donor ligands are 
now coordinated to the transition metal ion in a cis manner. The Mn(II) ion adopts a distorted 
octahedral geometry and is bonded in the equatorial positions by three oxygen atoms of two hfac 
ligands O1, O3 and O4 together with the N3 nitrogen atom of a thiazole heterocycle. The axial 
position is occupied by O2 of the hfac ligand and N2 a thiazole heterocycle. The central C3-C4 
and C27-C28 bond lengths of the TTF donors are 1.345(4) and 1.343(4) Å respectively and are 
characteristic of a neutral TTF donor. Selected bond lengths and angles for 3.6 are summarized 
in Table 3.7. In contrast to the 2-pyridyl ligand L4, the imine N in this complex does not 
participate in coordination to the transition metal ion. Examination of the bond angles reveals 
that the N1-C8-N2 angle between the imine N and the thiazole heterocycle in this complex is 
120.190 which is much larger than the corresponding angle of 1090 for the TTF-CN-2-pyridine 
complex that chelates in a bidentate manner. For this system it seems that the angles of the five-
membered ring do not facilitate coordination in a bidentate manner. Both TTF molecules adopt 
boat conformations and their central C=C lengths are within the range reported for neutral TTF 
donors.103,105 The thiazole rings are essentially planar with respect to the 1,3-dithiolium ring to 
which they are attached. In this respect, the dihedral angle between the best planes of dithiolate 
ring of the TTF and the thiazole heterocycle is just 5º for both molecules. 
 
 Table 3.7. Bond lengths [Å] and angles [º] for [MnII(L6)2(hfac)2] 3.6. 
            Mn(1)-O(1)                    2.147(2)                   Mn(1)-O(2)                    2.171(2) 
            Mn(1)-O(4)                    2.188(2)                   Mn(1)-N(3)                    2.219(2) 
            Mn(1)-O(3)                    2.239(2)                   Mn(1)-N(2)                    2.246(3) 
            S(1)-C(28)                     1.752(3)                     S(2)-C(28)                    1.766(3) 
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            S(2)-C(30)                     1.732(4)                     S(3)-C(27)                   1.764(3) 
            S(3)-C(25)                     1.755(3)                     S(4)-C(27)                   1.752(3) 
            S(4)-C(26)                     1.717(3)                   C(27)-C(28)                   1.343(4) 
            S(7)-C(4)                       1.761(3)                       C(1)-C(2)                   1.307(6)               
            S(8)-C(4)                       1.762(3)                       C(3)-C(4)                   1.345(4) 
            S(9)-C(2)                       1.736(4)                        S(9)-C(3)                  1.752(3) 
            S(10)-C(3)                     1.748(3)               O(2)-Mn(1)-O(3)               83.39(8) 
            O(1)-Mn(1)-O(2)           83.74(8) O(4)-Mn(1)-O(3)                 79.76(7) 
            O(1)-Mn(1)-O(4)          159.69(8) N(3)-Mn(1)-O(3)               165.09(8) 
            O(1)-Mn(1)-N(3)          112.88(8)  O(1)-Mn(1)-N(2)              100.21(9) 
            O(2)-Mn(1)-O(4)           85.40(8)  O(1)-Mn(1)-O(3)                81.98(8) 
            O(2)-Mn(1)-N(3)           98.99(8)  O(4)-Mn(1)-N(3)                85.74(8) 
            O(2)-Mn(1)-N(2)        169.27(8)  O(4)-Mn(1)-N(2)                87.76(9) 
            N(3)-Mn(1)-N(2)          88.72(9)  O(3)-Mn(1)-N(2)                87.27(8) 
 
Examination of the crystal packing of 3.6 reveals that the donors stack in a head-to-tail 
arrangement of dimers forming helical strands that run along the a-axis of the unit cell, Figure 
3.17. - Stacking interactions between the thiazole and TTF rings are 3.356 Å. There are no 
short SS contacts between sulfur donors in this structure. 
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Figure  3.17. Crystal packing diagram for [MnII(L6)2(hfac)2] 3.6. View down the c-axis of the 
unit cell. - stacking interactions are shown as green dashed lines. 
 
Magnetic Studies 
The magnetism of the Mn(II) complex 3.6 was examined on a SQUID magnetometer 
between 1.8 and 300 K, Figure 3.18. The sample was corrected for sample diamagnetism and the 
sample holder. The compound obeys Curie-Weiss behaviour across the entire temperature range 
with C = 4.365 emu.K.mol-1 and  = -0.68 K, Figure 3.18 (inset). The Curie constant is 
consistent with a high spin MnII ion (S = 5/2) with g = 1.996, and the absence of orbital angular 
momentum associated with the 6A ground term. The Weiss constant is indicative of weak 
antiferromagnetic interactions, and this is reflected in the downturn in T on cooling below 20 K. 
Plots of M vs H in the low temperature region reflect a saturation of the magnetisation at 1.8 K, a 
little below the maximum expected value of gS (4.99 B) for an isolated MnII ion with g = 1.996 
with the compound following the Brillouin function for the saturation of the magnetisation, 
Figure 3.19.  
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Figure 3.18. Temperature dependence of T for 3.6 between 1.8 and 300 K with (inset) the 
Curie-Weiss behaviour. The solid lines reflect Curie Weiss behaviour with C = 4.365 
emu.K.mol-1 and  = -0.68 K. 
 
Figure 3.19. Temperature dependence of M vs H in the low temperature region for 3.6 at 1.8, 3.0, 
5.0 and 8.0 K. The solid lines correspond to the Brillouin function for an S = 5/2 paramagnet 
with g = 1.996. 
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At higher temperatures, the thermal energy kT becomes increasingly important at suppressing the 
spin alignment. Thus the values of M in an applied field of 7.0 T at different temperatures 
become progressively smaller at elevated temperatures, but continue to follow the Brillouin 
function for an S = 5/2 spin. 
3.3.4  Preparation and Characterization of [CoII(L6)2(hfac)2] 3.7 
Complex 3.7 was prepared following the methodology previously described for the Mn(II) 
complex 3.6. The complex was isolated as a purple/red solid in 60 % yield. Once again the IR, 
UV-Vis data and redox potentials are supportive for the presence of a TTF donor ligand 
coordinating to the Co(II) metal. CHN elemental analysis data is within the +/- 0.4% error for 
C30H20CoF12N4O4S10·2CH2Cl2·1H2O supporting the preparation of a 2:1 complex. 
Structural Studies 
 
Small purple needles suitable for X-ray crystallography were grown via the liquid 
diffusion of hexane into a dichloromethane solution of 3.7 at room temperature. The complex 
crystallizes in the monoclinic space group P21/n with one independent molecule in the 
asymmetric unit. The molecular structure confirms that the complex is 2:1 with two TTF-CN-
thiazole ligands coordinating to the Co(II) ion. The Co(II) adopts a distorted octahedral geometry 
with the O1, O3, O4  atoms from the hfac ligands and the thiazole N atoms of L6  coordinating in 
the equatorial positions. The axial position of the coordination sphere is occupied by the O2 
oxygen atom of the hfac ligand, and the N4 nitrogen of L6, Figure 3.20.  
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Figure 3.20. ORTEP view of the molecular structure of [CoII(L6)2(hfac)2] 3.7. Thermal 
ellipsoids are plotted at 40 %. H-atoms are omitted for clarity. 
 
The imine bridged N atom does not take part in coordination to the metal centre as has also been 
observed in complex 3.5.  Contrary to the previously discussed Mn(II) complex 3.6 in which 
both TTF molecules adopt boat conformations.  For this complex, both TTF molecules are planar. 
The bond lengths and angles for 3.7 are summarized in Table 3.8. 
Table 3.8. Bond lengths [A] and angles [º] for [CoII(hfac)2(L6)2] 3.7. 
 
 
            Co(1)-O(3)                  2.064(2)                   Co(1)-O(1)                  2.073(19) 
            Co(1)-O(4)                  2.095(19)                 Co(1)-N(2)                  2.100(2) 
            Co(1)-N(4)                  2.131(2)                   Co(1)-O(2)                  2.141(18) 
            C(1)-C(2)                    1.319(5)                   C(3)-C(4)                    1.337(4) 
            S(1)-C(2)                    1.736(4)                    S(1)-C(3)                    1.758(3) 
            S(2)-C(1)                    1.732(4)                    S(2)-C(3)                    1.759(3) 
            S(3)-C(6)                    1.746(3)                    S(3)-C(4)                    1.768(3) 
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            S(4)-C(5)                    1.716(3)                    S(4)-C(4)                    1.758(3) 
            S(5)-C(12)                  1.723(5)                  S(5)-C(13)                   1.766(3) 
            S(6)-C(11)                  1.734(4)                  S(6)-C(13)                   1.762(3) 
            S(7)-C(16)                  1.760(3)                  S(7)-C(14)                   1.766(3) 
            S(8)-C(15)                  1.717(3)                  S(8)-C(14)                   1.760(3) 
           C(13)-C(14)                1.338(4)                C(11)-C(12)                   1.327(6) 
           O(3)-Co(1)-O(1)         168.21(8)          N(4)-Co(1)-O(2)              173.17(8) 
           O(3)-Co(1)-O(4)          84.52(8)          O(1)-Co(1)-O(4)                 86.01(7) 
           O(3)-Co(1)-N(2)          89.34(9)          O(1)-Co(1)-N(2)                 99.62(8) 
           O(4)-Co(1)-N(2)          172.85(8         O(3)-Co(1)-N(4)                 96.81(8) 
           O(1)-Co(1)-N(4)          89.26(8)          O(4)-Co(1)-N(4)                 84.60(8) 
           N(2)-Co(1)-N(4)          99.80(9)          O(3)-Co(1)-O(2)                 88.91(7) 
           O(1)-Co(1)-O(2)          84.46(7)          O(4)-Co(1)-O(2)                 92.28(7) 
           N(2)-Co(1)-O(2)          83.93(8)               
 
The central C=C bond lengths in the TTF donor are consistent with those reported for a neutral 
donor. Close examination of the crystal packing reveals that two sets of dimers form the side and 
top and bottom of a molecular box. These boxes stack in a zig-zag manner along the a-axis of the 
unit cell, Figure 3.21. - Stacking interactions between heterocyclic rings are between 3.409-
3.478 Å. There are no short S···S contacts present in the crystal packing of this complex.    
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Figure 3.21. Crystal packing diagram for [CoII(L6)2(hfac)2] 3.6. View down the c-axis of the unit 
cell. - stacking interactions are shown as green dashed lines. 
 
Magnetic Studies 
Variable temperature magnetic susceptibility measurements were performed on a 
polycrystalline sample of 3.6, Figure 3.22. The high temperature data (above 125 K) follows 
Curie-Weiss behaviour with C = 4.25 emu.K/mol, consistent with an S = 3/2 ion with g = 3.01, 
expected for the 4T term associated with an octahedral Co(II) with residual orbital angular 
momentum. The Weiss constant of -23 K is typical of such octahedral CoII ions and is associated 
with single ion behaviour of the CoII centre in which there is a lowering of the degeneracy of the 
Jeff states (± ½,  ± 3/2)  to afford a Kramers’ doublet (Jeff = ½) which is typically 100 cm-1 or more 
lower than other states.Error! Bookmark not defined.  
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Figure 3.22. Temperature dependence of T for [CoII(L6)2(hfac)2] 3.6. The solid red line 
represents the best fit to Curie-Weiss behaviour in the high temperature region. Inset: 
Temperature dependence of 1/ with fits to the high temperature data (red) and low temperature 
data (blue). 
 
In the low temperature region, the compound then behaves as an S = ½ ion with the residual 
orbital angular momentum manifested in the g-value (5.72) and a much reduced Weiss constant 
(-2.6 K). 
3.3.5 Preparation and Characterization of [NiII(L6)2(hfac)2] 3.7 
The Ni(II) complex 3.7 was prepared in the same manner as complexes 3.5 and 3.6. Reaction of 
one equivalent of Ni(hfac)2·2H2O with two equivalents of L6 in CH2Cl2 resulted in the isolation 
of 3.7 as a purple solid in 30 % yield. The C=N str was visible at 1645 cm-1 in the IR spectrum. 
The UV-Vis spectrum had two absorption bands at  = 315 and 525 nm, characteristic of this 
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family of complexes. Two reversible redox potentials at 550 and 580 mV for the generation of 
the radical cation and dication of TTF respectfully were observed, Table 3.4. CHN elemental 
analysis data is within the =/- 0.4% margin of error for the 2:1 complex  [NiII(L6)2(hfac)2] 3.7. It 
should also be noted that varying the ratio of metal to TTF-CN-thiazole ligand in this reaction 
still afforded the 2:1 complex. 
Structural Studies 
Small purple needles suitable for X-ray crystallography were grown via liquid diffusion of 
hexane into a dichloromethane solution of 3.7. The unit cell of the Ni(II) complex has 
dimensions very close to that of the previously discussed Co(II) complex 3.6.  
 
 
Figure 3.23. ORTEP view of the molecular structure of [NiII(L6)2 (hfac)2] 3.7 with appropriate 
labeling scheme. Thermal ellipsoids are plotted at 50%. H and F atoms have been omitted for 
clarity. 
 
In this respect, it crystallizes in the monoclinic space group P21/n with one independent molecule 
in the asymmetric unit, Figure 3.23. The Ni(II) ion is coordinated by four oxygen atoms of two 
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hfac ligands (O1, O2, O3 and O4), and two pyridyl nitrogen atoms (N1 and N2) from TTF-CN-
py donors, Figure 3.23. Selected bond lengths and angles for complex 3.7 are summarized in 
Table 3.6. Both TTF molecules in this complex are planar. The dihedral angle between the best 
plane through the first thiazole ring (S9, C8, C9, C10, N1 ) and the TTF is 6º, however  the 
dihedral angle between the second thiazole ring (S10 C18 C19 C20 N2) and the TTF ring is 
16.35º indicating that this donor ligand is a little twisted. The C3-C4 and C13-C14 bond lengths 
are within the range reported for neutral TTF donors.103,104  
Table 3.9. Selected bond lengths and angles for [NiII(L6)2 (hfac)2] 3.7 
 
Ni(1)-O(1) 2.072(8) C(1)-C(2) 1.29(3) 
Ni(1)-O(2) 2.049(8) C(4)-C(3) 1.34(2) 
Ni(1)-O(3) 2.042(9) S(1)-C(4) 1.761(14) 
Ni(1)-O(4) 2.051(10) S(2)-C(4) 1.744(16) 
Ni(1)-N(1) 2.094(11) C(6)-C(5) 1.324(19) 
Ni(1)-N(2) 2.072(10) S(3)-C(3) 1.767(15) 
C(13)-C(14) 1.35(2) S(4)-C(3) 1.757(14) 
S(5)-C(13) 1.777(15) S(6)-C(13) 1.736(17) 
S(7)-C(14) 1.751(16) S(8)-C(14) 1.755(15) 
O(3)-Ni(1)-O(2) 87.2(3) O(3)-Ni(1)-O(4) 87.0(4) 
O(2)-Ni(1)-O(4) 172.9(4) O(3)-Ni(1)-O(1) 91.9(3) 
O(2)-Ni(1)-O(1) 86.7(3) O(4)-Ni(1)-O(1) 89.3(3) 
O(3)-Ni(1)-N(2) 175.3(4) N(2)-Ni(1)-N(1) 97.8(4) 
O(2)-Ni(1)-N(2) 96.2(4) O(4)-Ni(1)-N(2) 89.3(4) 
O(1)-Ni(1)-N(2) 85.1(4) O(3)-Ni(1)-N(1) 85.4(4) 
O(2)-Ni(1)-N(1) 89.3(4) O(4)-Ni(1)-N(1) 94.5(4) 
  
Examination of the crystal packing reveals that like the former Mn(II) complex, the ligands form 
molecular boxes that stack in a zig-zag arrangement along the b-axis of the unit cell, Figure 3.34. 
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Figure 3.24. Crystal packing diagram for [NiII(L6)2 (hfac)2] 3.7. View down the a-axis of the 
unit cell. The [Ni(hfac)2] unit has been omitted for clarity. 
 
Magnetic Studies  
The magnetic data for [Ni(L6)2(hfac)2] was recorded in the temperature range 1.8 – 300 K, 
Figure 3.25. The compound obeys Curie-Weiss behaviour with C = 1.245 emu.K/mol and  = -
0.39 K. These data are consistent with an S = 1 ion with g = 2.235.205  
 
220 
 
 
Figure 3.25. χT vs T plot for [NiII(hfac)2(L6)2] 3.7. 
 
 
The temperature independent nature of T down to low temperature is consistent with an 
octahedral complex in which the orbital angular momentum is fully quenched, whilst the g-value 
is comparable to that seen for other NiII complexes in which there is second order spin-orbit 
coupling giving rise to g > 2.0. The negative Weiss constant is consistent with weak 
antiferromagnetic interactions, but might also be accounted for by a small zero-field splitting of 
the S = 1 state.  
3.3.6  Preparation and Characterization of [CuII(L6)2(hfac)2] 3.8 
The copper complex 3.8 was prepared via the addition of two equivalents of L6 to one equivalent 
of the Cu(hfac)2 salt in CH2Cl2. The complex was isolated as a purple/blue solid in 25 % yield. 
The imine stretch is observed at 1641 cm-1 in the IR spectrum. The CHN elemental analysis is an 
acceptable fit for C30H20CuF12N4O4S10 consistent with the formation of a 2:1 complex. 
Unfortunately, conditions could not be found for the growth of single crystals to elucidate its 
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molecular structure in the solid state. The EPR spectrum of [CuII(L6)2(hfac)2]  was recorded on a 
Bruker EMX plus X-band EPR spectrometer with an operating frequency of 9.8704 GHz at room 
temperature and sheds some light on the coordination geometry of the Cu(II) ion in the complex. 
The EPR spectrum plus simulation is presented in Figure 3.26 and reveals a pseudo-axial EPR 
spectrum consistent with a Jahn-Teller elongated octahedral CuII centre (gz> gx ~ gy > 2.0), i.e. gz 
= 2.530 gy = 2.145, gx = 2.055).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.26. (top) solid state X-band EPR spectrum of [CuII(L6)2(hfac)2] recorded at room 
temperature. The simulation parameters are: gz = 2.530 gy = 2.145, gx = 2.055; aCu(z) = 165 G, 
Hpp(z) = 80 G, Hpp(y) = Hpp(x) = 30 G Lorentzian; (bottom) room temperature solution 
spectrum g = 2.135, aCu = 67 G.   
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The z-component appears to exhibit some broad features to lower field which can be attributed to 
hyperfine coupling to 63Cu and 65Cu (aCu(z) ~ 165 G), though the broad linewidth hampered 
accurate estimates of this coupling. Nevertheless both the average of the g- and a-values are 
consistent with those observed in the solution EPR recorded in DCM (giso = 2.135, aCu = 67 G). 
Notably a sharp low intensity feature to high field (g = 2.007) which we tentatively assign to the 
TTF radical cation, based on the similarity of g-value to other TTF derivatives (g ~ 2.008). The 
origin of this low intensity feature is unclear, but may arise from a small degree of aerial 
oxidation.  From the CHN data and the EPR studies we can conclude that the molecular structure 
of this copper(II) complex is most likely isostructural with the previously discussed Ni, Co and 
Mn(II) derivatives comprising of two TTF-CN-thiazole ligands coordinated to the Cu(II) centre 
in a cis manner and the two hfac ligands completing the octahedral geometry shown in Figure 
3.27. 
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Figure 3.27. Proposed moleculer structure for [CuII(L6)2(hfac)2] 3.8 
3.3.7 Preparation and Characterization of [CoII(L7)(hfac)2]·H2O 3.9 
 One equivalent of ligand L7 in DCM/THF was added to one equivalent of Co(hfac)2·2H2O and 
the resulting solid affording 3.9 as a purple solid in 30 % yield. The presence of a broad band at 
3300 cm-1 in the IR spectrum is consistent with the presence of water in the crystal lattice and the 
C=N str of the imine is visible at 1587 cm-1.  The preparation of the complex was confirmed by 
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CHN elemental analysis which is within the acceptable +/- 0.4% margin of error for 
C19H15CoF12N3O7S5.  It should be noted that varying the ratio of metal to donor ligand in the 
reaction mixture still afforded the 1:1 complex 3.9, Figure 3.28.  
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Figure 3.28. Proposed molecular structure for [CoII(L7)(hfac)2] 3.9 
 
Given this data it seems reasonable to suggest that the Co(II) ion is octahedrally coordinated by 
the hfac ligands and one of the nitrogen atoms of the thiadiazole heterocycle. The sixth 
coordination site is most likely either occupied by a water molecule or the ligand is coordinating 
in a bidentate manner and the imine N is participating in chelation to the transition metal ion. For 
steric reasons we believe the latter explanation is unlikely, but suitable conditions for the growth 
of single crystals have not been found to-date in order to elucidate its molecular structure in the 
solid state. 
Magnetic Studies 
The magnetic properties of complex 3.9 were examined on a SQUID magnetometer in an applied 
field of 0.1 T between 5 and 300 K. The T value remained near constant at 2.9 emu.K.mol-1 
down to ca. 75 K before decreasing steadily to 2.0 emu.K.mol-1 at the base temperature for this 
set of experiments, Figure 3.29.  Such behaviour is typical of octahedral CoII ions in which there 
is residual orbital angular momentum associated with the 4T ground term. An examination of the 
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high temperature data reveals it obeys Curie-Weiss behaviour down to 20 K with C = 2.953 
emu.K.mol-1 and  = -7 K, consistent with an S = 3/2 ion and g = 2.51 (red line, inset to Figure 
3.29).  
 
 
 
 
 
 
 
 
 
 
Below 20 K a change in the magnetism reflects the depopulation of the higher-lying Jeff states 
which arise from spin orbit coupling. This leads to a Kramer’s doublet (Jeff = ½) in the low 
temperature range with a large resultant g-value (4.95, blue-line inset to Figure 3.30), typical of 
CoII. The inset shows the fit of the 1/(T) data to Curie Weiss behaviour; the high temperature fit 
(red line) reflects C =  2.953,  = -7 K, whereas the low temperature behaviour (blue line) 
reflects C = 2.300,  =  -1 K). The magnetic data supports the suggestion that the complex is 
mononuclear comprising of a six coordinate Co(II) centre. The spins on the Co(II) remain 
essentially isolated across the temperature range and thus the complex behaves as a paramagnet.  
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 50 100 150 200 250 300
Temperature (K)
T
 (e
m
u.
K/
m
ol
)
Figure 3.29. χT vs T plot for [CoII(L7)(hfac)2]·2H2O 3.9. 
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3.4  Oxidation of the TTF donors 
Studies from the previous section show that our new family of TTF donors are able to coordinate 
paramagnetic centers and that the donors can stack with short S···S contacts that could facilitate 
the movement of itinerant electrons. In order to generate an organic conductor and obtain 
compounds with dual properties, the TTF donor has to be oxidized either chemically to afford a 
charge transfer complex, or electrochemically to afford a radical cation salt. Only the radical 
cation of TTF affords itinerant electrons that give rise to electrical conductivity. One of the 
objectives of this project was therefore to try and establish conditions for the electrochemical 
oxidation of both the donor ligands L4 to L8 as well as their coordination complexes 3.4 to 3.9. 
The technique typically employed to oxidize TTF donors is electrocrystallization. The advantage 
of this method is that if suitable conditions can be found, single crystals of the oxidized species 
grow on the electrodes and so the solid state structures of the materials can be elucidated by X-
ray diffraction and physical measurements can be made on single crystals. In a typical 
electrocrystallization experiment, a solution of the ligand or complex in dry solvent is filtered 
into one arm of an H-cell. The other arm is filled with a charge compensating anion in dry 
solvent that also acts as the electrolyte for the reaction. The two sections of the H-cell are 
separated by a porous glass frit. Platinum electrodes are inserted into both ends of the H-cell and 
a small current is then passed through the solution. The cell is sealed and left in the dark at 
constant temperature and the current intensity is slowly adjusted over time. Conditions attempted 
for the electrocrystallization of the ligands and their complexes are summarized in Table 3.8. 
Unfortunately, we have not been successful in obtaining any suitable crystals of the oxidized 
donors to-date. It should be noted that electrocrystallization is considered a “black art” and it can 
be extremely difficult to find the right set of conditions suitable for crystal growth of the donors 
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on the platinum electrodes.  Although in some cases we did obtain small amounts of powders, it 
proved very difficult to fit the CHN elemental analysis data for these materials so we did not 
proceed with any further characterization. Although we were initially worried that the imine 
bridge would not be stable to the electrocrystallization conditions, in more recent years Ouhab et 
al. established conditions for the electrocrystallization of a TTF-CN-pyrazine donor.105 In this 
respect, a current of 5 A was applied to a CH2Cl2 solution of the donor using (NBu4)(PF6) as 
the charge compensating anion. A (TTF-CN-2-pyrazine).+(PF6)- salt was isolated and structurally 
characterized and measurements of conductivity on single crystals gave a resistivity greater than 
1.5 k cm-1.105 These results show that redox active TTF based imine linked ligands are 
important building blocks for the realization of -d systems, but that more time needs to be 
invested in establishing suitable conditions for the electrocrystallization of our family of systems. 
 
Table  3.10 Electrocrystallization conditions for the oxidation of the TTF donor ligands and their 
complexes. 
Ligand/ 
Complex 
Solvent Electrolyte Temp Current (A) 
L4 PhCN (NBu4)(PF6), (NBu4)(I4) R.T,  0.1 - 5 
L5 CH2Cl2, CHCl3 (NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC 1 - 10 
L6  PhCN, CHCl3 (NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC 0.1 - 0.5 
L7 CH2Cl2,   PhCN,  (NBu4)(PF6),(NBu4)(ClO-4) R.T, -5 ºC 0.1 - 10 
L8 CH2Cl2,   THF (NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC 0.1 - 0.5 
3.4 CH2Cl2, THF, 
CHCl3 
(NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC  0.1 - 0.5  
3.5 CH2Cl2,   PhCN, 
CHCl3 
(NBu4)(PF6), (NBu4)(I4), 
(NBu4)(ClO4)   
R.T, -5 ºC  1 - 5  
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3.6 CH2Cl2, CHCl3  (NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC  0.1 - 0.5  
3.7 CH2Cl2,  CHCl3 (NBu4)(PF6)  R.T, -5 ºC  0.1 - 0.5  
3.8 CH2Cl2, PhCN, 
CHCl3  
(NBu4)(PF6), (NBu4)(I4) R.T, -5 ºC 0.1 - 0.5  
3.9 CH2Cl2, PhCN, 
CHCl3 
(NBu4)(PF6) R.T, -5 ºC 1 - 10 
 
Exploratory reactions were also carried out to chemically oxidize the ligands and their 
complexes with iodine. Since the products obtained have not been fully characterized they are 
not included in this thesis.  
3.5 Conclusion and Future Work             
 A new family of TTF-imino ligands have been synthesized and fully characterized. 
Electrochemical studies of these donors show that they are good precursors for the synthesis of 
radical cation salts. The reaction of these donors with [M(II)(hfac)2].xH2O salts has afforded a 
family of molecular complexes with quite different coordination geometries. For L4, the imine 
linker participates in chelation to the metal centre in both the Cu and Ni(II) complexes. For this 
ligand the most thermodynamically stable complex is the 1:1. In contrast, the 4-pyridyl donor 
ligand L5 prefers to make a 2:1 trans-[Cu(TTF-CN-4py)(hfac)2] complex where as expected, the 
imine linker does not participate in chelation to the metal centre. For L6, the thiazole family of 
donor ligands, a second family of molecular complexes is obtained namely, cis-[M(II)(TTF-CN-
2-thiazole)2(hfac)2] [M = Mn, Co, Ni]. In this case two donor ligands coordinate to the metal 
centre in a cis manner. In contrast to L6, the thiadiazole ligand L7 favours the formation of a 1:1 
complex, but without the crystal structure it is not possible to rule out coordination by the imine 
linker. Finally our studies have shown that the imine linkers of the triazole ligand L8 are 
susceptible to hydrolysis so its coordination chemistry was not pursued further. Examining the 
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crystal packing of the coordination complexes has revealed a range of molecular architectures 
that include a rather interesting helical arrangement of donors. The crystal packing of the copper 
complex [Cu(L5)2(hfac)2] 3.5 shows that these donors pack in stacks with short S···S contacts 
between donors and this is perhaps the most hopeful stacking arrangement for the self-assembly 
of a magnetic conductor. Apart from this study, there are only two examples of imine bridged 
TTF donors in the literature. The rational design of new ligand systems that facilitate -d 
interactions is a challenging area of chemistry. Probably the largest hurdle to overcome is 
establishing suitable conditions for oxidation of the donors to afford the radical cation salts and 
the growth of single crystals in order to elucidate their solid state structures. Progress has been 
made and this study represents the first family of imine bridged TTF donor ligands prepared and 
characterized to-date. During the course of this study attention was focused on the coordination 
of these ligands to hfac salts in order to prepare materials that would be straightforward to 
characterize by X-ray diffraction. Magnetic susceptibility studies of all seven complexes show 
that the metal centers are essentially paramagnetic behaving as isolated spins even down to low 
temperature. Future work should expand this study to include chloride, acetate and nitrate salts of 
transition metal ions. Salts containing bridging ligands could allow for the self-assembly of 
extended systems with more interesting magnetic properties such as homo or heterometallic 
polymers. The challenge here will be to find suitable conditions to oxidize the donors and grow 
single crystals of the materials in order to characterize their magnetic and/or electronic properties. 
Future studies should also be aimed at trying to establish conditions for the chemical oxidation of 
these compounds and the characterization of the resulting powders by powder diffraction. EPR 
studies both in the solid state and solution could also be a useful tool to characterize the oxidized 
TTF species both in solution and the solid state, as well as to investigate any possible 
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interactions between the unpaired spins on the metal ions and the TTF radical cations. 
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Chapter 4 -Experimental section 
4.1  General Information 
                 All experiments were carried out using standard Schlenk line procedures, unless 
otherwise stated. Dry solvents were used for all experiments carried out under nitrogen. 
Anhydrous solvents were obtained from a Puresolve PS MD-4 solvent purification system. All 
reagents were commercially purchased from Sigma Aldrich, Alfa Aesar or Acros organics. Thin 
layer chromatography (TLC) was performed on Merck pre-coated silica oxide aluminum sheets 
that were 0.2 mm (thick) x 20 mm (wide) x 40 mm (long). Silica gel (75-250 Mesh, 60 Å) was 
purchased from Desican Inc. for column chromatography.  
4.2  Instrumentation  
 
Circular Dichroism: Spectra were collected on a Jasco J-600 spectrometer at room temperature, 
using J7STDANL software. 
  
Cyclic Voltammetry: Measurements were performed on a BAS Epsilon potentiostat at room 
temperature (22 ± 2 °C) in acetonitrile containing 0.1 M of Bu4NPF6. Glassy carbon (diameter 3 
mm) was used as the working electrode. Platinum wire and AgCl/Ag were used as the counter 
and reference electrodes, respectively. The working electrode was polished on alumina before 
use. iR compensations were applied for all experiments for potential measurements.  
 
Electrocrystallization experiments: Electrochemical oxidation of the compounds were carried 
out using galvanostatic conditions using constant current (I = 0.1 to 5 µA) of the donor 
compounds (10 to 15 mg) under nitrogen atmosphere. The electrolyte was made of NBu4PF6 
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(100 to 150 mg) in distilled CH2Cl2 (20 mL) as electrolytes and platinum wire (1 mm in diameter) 
used as electrodes. 
 
EPR spectroscopy: EPR spectra were recorded as powders, or in DCM solution, unless 
otherwise stated in quartz tubes on a Bruker Elexsys E580 pulsed and CW X-band (9 GHz) 
spectrometer, equipped with a liquid nitrogen setup. The EPR data were modelled using Easy 
Spin 3.1.7 simulation software.  
 
Elemental analysis: Samples for elemental analysis (C, H, N) were carried out by Atlantic 
Microlab, Inc. Norcross, GA, USA. Wherever necessary, analyses were carried out in duplicate. 
 
FT-IR spectroscopy: Spectra were recorded on a ThermoMattson RS-1 spectrometer using the 
WinFirst data acquisition system. Samples were prepared as KBr pellets for solids and KBr disks 
for oils.  
 
Magnetic Susceptibility Measurements: Magnetic measurements were carried out on a 
Quantum Design MPMS SQUID magnetometer in an applied field of 5000 G between 5 and 300 
K. Direct current (DC) analyses were performed on polycrystalline samples, carefully weighed 
into gelatine capsules, which were loaded into plastic straws and attached to the sample transport 
rod. Data were corrected for both sample diamagnetism (Pascal’s constants) and the sample 
holder. 
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Mass Spectroscopy: Mass spectra were recorded on a Carlo Erba/ Kratos EC/ms Concept 1S 
double focusing mass spectrometer interfaced to a Kratos DART acquisition system and a 
SPARC workstation. The internal standard used was tris(perfluoroheptyl)-S-triazine. 
 
Melting Point: All melting points were determined using a Stuart Scientific SMP 10 melting 
point apparatus. 
 
NMR spectroscopy: 1H and 13C-NMR spectra were recorded at 300 and 75 MHz, respectively, 
on a Bruker Advance AV 300 digital NMR spectrometer in deuterated solvents. Bruker 
TOPSPIN 2.1 PL6 software was used for data acquisition and analysis. 
 
UV-Vis spectroscopy: Spectra were recorded using a ThermoSpectronic/ Unicam UV-4 UV-Vis 
spectrometer equipped with a Vision data system and thermostated sampling. Unless otherwise 
stated, UV-Vis spectra were collected at 295 K. Variable temperature UV-Vis spectra were 
collected on a Shimadzu 3600 spectrometer. 
   
X-ray Crystallography:  Single crystals of all the complexes for X-ray diffraction analyses with 
suitable dimensions were mounted on a nylon loop.  Intensity data were collected at 150 K, 
unless otherwise stated, on a Bruker Apex II CCD diffractometer with graphite monochromated 
Mo Kα radiation (λ = 0.71073 Å). The data were corrected for Lorentz-polarization effects and an 
empirical absorption correction was applied. The structures were solved by Direct methods using 
the SHELXTL V6.14 package and the SHELXS-97 program.206 Data refinement and all further 
calculations were carried out using the SHELXTL package and the SHELXL-97 program.206 The 
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H-atoms were included in calculated positions and treated as riding atoms using default 
parameters. The non-H atoms were refined anisotropically, using weighted full-matrix least-
squares on F2. PLATON/SQUEEZE207 was used to correct the data for the presence of the 
disordered solvent. Molecular structures and packing diagrams were prepared using Mercury 208 
and ORTEP graphics programs. 209 The single crystal data were collected, solved and refined by 
Roland Acha under the supervision of M. Pilkington at Brock University. 
4.3 Experimental section for Chapter 2 
4.3.1 Synthesis of 2,2’,6,6’-tetramethyl-4,4’-bipyridine (2.5) 210 
N N
1
23
4
2.5
 
Dry hexane (130 mL) was added to 30 % sodium in paraffin wax (13.8 g, 0.180 mol) under 
nitrogen, and the mixture was sonicated for 20 mins. The solvent was then removed and the 
procedure was repeated twice. Distilled THF (80 mL) and 2,6-lutidine (10 mL, 0.086 mol) were 
added to the solution, and the reaction mixture was stirred vigorously under nitrogen overnight 
affording a pale yellow solution. SO2 gas was then passed over the reaction mixture slowly for 5 
hr. The reaction mixture was quenched with ethanol (100 mL), and the pH of the solution was 
adjusted to approximately 8 via the addition of an aqueous solution of 12 M NaOH. The 
resulting mixture was extracted with DCM (6 x 50 mL), and the organic layers were combined. 
Removal of the solvent under vacuum afforded a pale yellow solid which was re-crystallized 
from water to give 2.5 as a white solid (14.5 g, 80 % yield). 
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1H-NMR (CDCl3, 300 MHz) δ (ppm): 2.62 (s, 12H, CH3), 7.19 (s, 4H, py-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 24.6 (1-C), 118.2 (3-C), 146.8 (4-C), 158.6 (2-C). 
IR (KBr, cm-1): 3010(br), 2955(br), 2915(w), 1434(m), 1383(m), 1099(m), 1030(m), 989(m), 
485(m), 455(m). 
M.p.: 152 ˚C. Lit [152˚C].210  
FAB-MS:m/z = 212 [M]+, 50%. 
 4.3.2 Synthesis of 2,2’,6,6’-tetracarboxylic-4,4’-bipyridine210 2.6  
 
N N
O
HO
O
HOOH
O
OH
O
1
23
4
2.6
 
 
2,2’,6,6’-Tetramethyl-4,4’-bipyridine 2.5 (2.50 g, 0.008 mol) was dissolved in concentrated 
H2SO4  (16 M, 32 mL) in an ice bath, after which time CrO3 (11.0 g, 0.011 mol) was added 
cautiously in small portions over 3 hr, with continuous stirring. The temperature of the resulting 
mixture was slowly raised to 75 ºC and stirred for an additional 2 h. After 2 h the mixture was 
poured into ice water (200 mL) with continuous stirring to form a white precipitate. The 
precipitate was collected and dried under vacuum to afford 2.6 as a white solid (2.05 g, 67 % 
yield). 
 
1H-NMR (DMSO-d6, 300 MHz) δ (ppm): 13.62 (s, 4H, OH), 8.61 (s, 4H, py-H). 
13C-NMR (DMSO-d6, 75 MHz) δ (ppm): 125.8 (3-C), 146.7 (4-C), 150.1 (2-C), 165.8 (1-C). 
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IR (KBr, cm-1): 3040(br), 3200(br), 2551(w), 1732(m), 1704(s), 1601(s), 1372(s), 1304(s), 
1255(m), 1232(m), 1161(m), 1084(m), 911(w), 785(w), 768(w), 686(w), 644(w).  
M.p.: 272 ˚C. Lit[270 ˚C].210  
FAB-MS: m/z = 332 [M]+, 70%. 
4.3.3 Synthesis of 2, 2’, 6, 6’-tetrachloroformyl-4,4’-bipyridine 2.7 210  
 
N N
O
Cl
O
ClCl
O
Cl
O
1
23
4
2.7
 
To freshly distilled SOCl2 (12 mL) under N2 was added 2.6 (2.50 g, 0.008 mmol) and two drops 
of distilled DMF. The resulting reaction mixture was refluxed for 4 h and the SOCl2 was 
removed to afford 2.7 as a violet solid (2.80 g, 85 % yield).  
 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 8.62 (s, 4H, py-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 126.2 (3-C), 146.7 (4-C), 150.8 (2-C), 169.2 (1-C). 
FAB-MS: m/z = 404 [M]+, 10 %. 
4.3.4 Synthesis of the 2,2’,6,6’-Tetraacetyl-4,4’-bipyridine 2.18211 
2,2’,6,6’-Tetrachloroformyl-4,4-bipyridine 2.7 (1.30 g, 0.003 mmol) was added to a solution of 
Meldrum’s acid (1.87 g, 0.013 mmol) in dry DCM (14 mL) and dry pyridine (2.60 mL, 0.032 
mmol). A dark brown solution was formed immediately that was stirred at 0˚C for 1 h, followed 
by an additional 1 h at room temperature. 
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N N
O
OO
O
1
2
34
5
2.18
 
The reaction mixture was then diluted with DCM (20 mL) and poured into an aqueous solution 
of 2N HCl (25 mL) containing crushed ice. The organic layer was separated and the aqueous 
layer was washed with DCM (5 x 100 mL) and dried over anhydrous Na2SO4. The solvent was 
evaporated to dryness afford a dark brown solid, which was refluxed in a (1:1) acetic acid/water 
mixture for 16 h at 115˚C. The reaction mixture was diluted with 100 mL of water and extracted 
into DCM (5 x 100 mL). The combined organic layers were washed with 5 % NaHCO3 solution 
(50 mL), water (50 mL) and dried over Na2SO4. Removal of the solvent afforded 2.18 as beige 
solid (0.700 g, 67 % yield).  
 
1H-NMR (CDCl3, 300 MHz,) δ (ppm): 2.88 (s, 12H, CH3), 8.59 (s, 4H Ar-H).  
13C-NMR (CDCl3, 75 MHz,) δ (ppm): 25.6 (1-C), 122.2 (4-C), 146.7 (5-C), 154.0 (3-C), 198.7 
(2-C). 
FT-IR (KBr) (cm-1): 2920(br), 1704(m), 1659(s), 1408(s), 1302(m), 1364(m), 1100(m), 
958(m), 895(w), 815(w), 745(w), 650(w). 
M.p.: 250 ˚C. [252 ˚C].211  
FAB-MS: m/z = 325 [M]+, 50 %. 
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4.3.5 Synthesis of N2,N2’, N6, N6’-tetrakis(2-(pyridin-2-yl)ethyl)-4,4’-bipyridine-2,2’,6,6’-
tetracarboxamide (L1) 
N N
H
N
H
N
H
N
H
N
O
OO
O
N
N
N
N
L1
12
3
4 5
6 7
8 9
10
11
 
2-Ethylaminopyridine (2.5 g 0.021 mol) was added dropwise to 2.7 (1.0 g 0.003 mol) in dry 
chloroform (60 mL). The reaction mixture was stirred at 0 ºC for 30 mins, refluxed for 6 h, and 
allowed to cool to room temperature. It was filtered and the filtrate washed with water (2 x 70 
mL). The organic layer was then dried with MgSO4, and the solvent removed under vacuo. The 
resulting crude product was triturated twice with chloroform and placed under vacuum for 24 h 
to afford L1 as a beige solid (0.800 g, 70 % yield). 
 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 2.3 (s, br NH), 3.12 (t, J = 6.4 Hz, 2H, 6-H), 3.99 (q, J = 
6.46 Hz, 4H, 5-H), 7.18 (t, J = 5.22 Hz, 2H, 9-H), 7.65 (td, J = 1.8, 7.55 Hz, 1H, 8-H), 8.53 (d, J 
= 4.92 Hz, 1H, 10-H), 8.71 (s, 1H, 11-H), 8.85 (t, J = 5.53 Hz, 1H, 2-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 37.1 (6-C), 39.1 (5-C), 121.9 (2-C), 122.6 (10-C), 123.7 
(8-C), 136.8 (9-C), 147.8 (5-C), 149.2 (3-C), 150.2 (1-C), 159.5 (7-C), 163.1 (4-C).  
FT-IR (KBr) (cm-1): 3338(m), 3255(m), 3060(m), 2918(m), 2848(m), 1673(s), 1529(s), 
1433(m), 1379(m), 1251(m), 1189(m), 1061(m), 999(m), 894(m), 767(s), 651(s). 
FAB-MS: m/z = 748 [M+H]+, 10 %. 
UV-Vis (MeOH) λ(nm): 250 (ε = 1215 M-1cm-1). 
238 
 
CHN analysis: calcd for C42H40N10O4·0.5CH4O·H2O C, 64.47; H, 5.71; N, 17.75 % 
Found C, 64.39; H, 5.32; N, 17.35 %. 
4.3.6 General procedure for the synthesis of complexes [MII2(L1)] 2.8 – 2.11.  
M = Cu2+, Co2+, Ni2+, Mn2+   
 
The complexes were prepared following the general procedure described below for the Co(II) 
complex. A methanol (5 mL) solution of ligand L1 (1.00 mmol) was added dropwise to 2 
equivalents of metal (II) acetate salt (2.00 mmol) in methanol (15 mL). The resulting solution 
was stirred at 25 °C for 2 h. The methanol was then removed under vacuum and the residue was 
redissolved in a (1:1) mixture of methanol/acetonitrile (2 mL). The resulting solution was filtered 
and evaporation of the solvent afforded the complexes.   
N N
N
N
N
N
O
OO
O
N
N
N
N
MII MII
MII = Co (2.8); Ni (2.9); Cu (2.10); Mn (2.11)
 
4.3.7 Synthesis of [Co2(L1)] 2.8 
N N
N
N
N
N
O
OO
O
N
N
N
N
CoII CoII
2.8
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The cobalt complex 2.8 was isolated as a grey solid (90.0 mg, 65 % yield).  
FT-IR (KBr) (cm-1): 3420(br), 2845(w), 1600(s), 1477(m), 1441(m), 1381(m), 1299(m), 
1034(m), 888(m), 787(w), 698(w), 672(w), 614(w). 
FAB-MS: m/z = 862 [Co2(L1-4H]+, 20 %. 
UV-Vis (MeOH) λ(nm): 256 (ε = 943 M-1cm-1). 
CHN analysis: calcd for C42H36N10O4Co2·4CH3OH·5H2O C, 51.11; H, 5.78; N, 12.96 % Found 
C, 50.80; H, 5.72; N, 12.78 %. 
4.3.8 Synthesis of [Ni(L1)] 2.9 
N N
N
N
N
N
O
OO
O
N
N
N
N
NiII
2.9
NiII
 
The Nickel complex 2.9 was isolated as a red solid (70.0 mg 51 % yield).  
FT-IR (KBr) (cm-1): 3388(br), 3064(br), 2929(br), 1595(vs), 1434(s), 1329(s), 1029(m), 
888(m), 766(w), 677(w), 618(w). 
FAB-MS: m/z = 861 [M]+, 10 %. 
UV-Vis (MeOH) λ(nm): 260 (ε = 1700 M-1cm-1), 370 (ε = 753 M-1cm-1). 
CHN analysis: calcd for C42H36N10O4Ni·5H2O·1.4CH3OH C, 62.62, H: 4.75, N: 17.39 %. found 
C, 60.20; H, 5.25; N, 16.59 %.  
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4.3.9 Synthesis of [Mn2(L1)] 2.10 
Complex 2.10 was prepared following the general procedure described for the preparation of the 
Co(II) complex 2.8 and obtained as a pale yellow solid (80.0 mg, 50 % yield).  
 
N N
N
N
N
N
O
OO
O
N
N
N
N
MnII MnII
2.10
 
 
FT-IR (KBr) (cm-1): 3442(br), 3388(br), 2929(br), 1595(vs), 1434(s), 1329(m), 1029(m), 
888(m), 766(m), 677(w), 618(w). 
FAB-MS: m/z = 854 [Mn2(L1- 4H)]+, 5 %. 
UV-Vis (MeOH) λ(nm): 290 (ε = 753 M-1cm-1). 
CHN analysis: calculated for C42H36N10O4Mn2·4CH3OH·0.5H2O C, 54.81, H, 5.48, N, 13.89 %. 
Found C, 56.41; H, 4.61; N, 12.30 %. 
4.3.9 Synthesis of [Cu2(L1)] 2.11 
N N
N
N
N
N
O
OO
O
N
N
N
N
CuII CuII
2.11
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The copper complex 2.11 was isolated as blue solid (100 mg, 60 % yield). Slow diffusion of 
diethyl ether into a methanol solution of 2.11 afforded blue blocks, which were suitable for X-
ray crystallography.  
FT-IR (KBr) (cm-1): 3420(br), 2921(w), 2834(w), 1594(vs), 1474(m), 1439(m), 1370(m), 
1309(m), 765(m), 679(w), 591(w). 
FAB-MS: m/z = 871 [M]+, 30 %. 
UV-Vis (MeOH) λ(nm): 335 (ε = 621 M-1cm-1), 620 (ε = 222 M-1cm-1), 750 (ε = 180 M-1cm-1). 
4.4. Synthesis of N2,N2’,N6,N6’-tetra(thiazole-2-yl)-4,4’-bipyridine-2,2’,6,6’-
tetracarboxamide (L2) 
N N
NH
O
NH
OO
HN
O
HN
N
S
S
N
S
N
N
S
1
2 3
4
5
6
7
L2
 
2,2’,6,6’-Tetrachloroformyl-4,4’-bipyridine 2.7 (1.20 g, 0.003 mol) and 2-aminothiazole (2.20 g,  
0.022 mol) were dissolved in dry DCM (55 mL) under nitrogen. The solution was stirred for 40 
mins in an ice bath and refluxed overnight. The resulting precipitate was isolated by filtration 
and washed with water (50 mL), methanol (20 mL) and diethylether (20 mL) to afford L2 as a 
brown solid (1.75 g, 95 % yield). Single crystals suitable for X-ray cryatallography were grown 
from slow cooling of a DMF solution of the ligand. 
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1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.4 (d, J = 5.6 Hz 1H, 6-H), 7.7 (d, J = 5.6 Hz 1H, 7-H), 
8.9 (s, 1H, 2-H), 13.5 (s, 1H, NH). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 162.3 (4-C), 158.5 (6-C), 149.3 (3-C) 138.8 (1-C), 125.1 
(5-C), 115.3 (2-C), 110.4 (7-C). 
FT-IR (KBr) (cm-1): 3340(br), 3248(br), 3099(br), 1674(vs), 1592(vs), 1532(s), 1484(s), 
1435(m), 1320(m), 1267(m), 1188(m), 1162(m), 1069(m), 941(m), 889(m), 725(m), 687(m), 
655(m), 619(m), 512(m). 
M.p.: 230 ˚C 
FAB-MS: m/z = 661 [M+H]+, 10 %. 
UV-Vis (MeOH) λ(nm): 260 (ε = 753 M-1cm-1). 
4.4.1 Synthesis of [Co2(L2) (H2O)4]  2.12 
N N
N
O
N
OO
N
O
N
N
S
S
N
S
N
N
S
CoCo
H2O
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H2OOH2
OH2
 
To a DMF solution of the ligand L2 (90.0 mg, 0.136 mmol) under aerobic conditions was added 
KOH (25.0 mg, 0.446 mmol). The solution was refluxed until a clear solution was obtained. To 
the above solution was added CoCl2.6H2O (65.0 mg, 0.274 mmol) dissolved in 5 mL of 
methanol. A precipitate was formed after 5 mins, and the reaction was left to stir for a further 2 
hrs. After which time, the solution was filtered to afford the product 2.12 as a brown solid (120 
mg, 65 % yield). 
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FT-IR (KBr) (cm-1): 3461(br), 3085(br), 2921(br), 1664(vs), 1587(vs), 1496(s), 1438(s), 
1369(m), 1151(m), 1097(m), 808(m), 784(m), 674(m), 619(m). 
FAB-MS: m/z = 776 [M-4H2O]+, 20% 660 [M- (Co2+4H2O)]+. 
UV-Vis (MeOH) λ(nm): 260 (ε = 10000 M-1cm-1), 365 (ε = 5675 M-1cm-1). 
CHN analysis: calcd for C26H20N10O8S4Co2·1.75H2O·2CH3OH·1.7C3H7NO C, 37.28, H, 4.10, 
N, 15.37 %. Found C, 37.73; H, 4.55; N, 15.34 %. 
4.5. Synthesis of N2,N2',N6,N6'-tetra(pyridin-3-yl)-4,4'-bipyridine-2,2',6,6' -
tetracarboxamide (L3)  
N N
NH
O
NH
OO
HN
O
HN
N
NN
N
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4
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6
7 8
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L3  
2,2’,6,6’-Tetrachloroformyl-4,4’-bipyridine 2.17 (1.10 g, 0.003 mmol) was added to 3-
aminopyridine (2.10 g,  0.022 mmol), dissolved in 10 mL of  distilled pyridine (10 ml) under 
nitrogen. The solution was stirred for 1 h at 40 ˚C.  Triphenylphosphite (4.5 mL, 0.020 mol) was 
added and the temperature was raised to 95 ˚C and refluxed overnight. After refluxing, the 
reaction mixture was filtered and washed with 20 mL of water. Evaporation of the solvent in 
vacuo, and recrystallization from DMSO solution, afforded the ligand L3 as a brown solid (1.90 
g 60 % yield).  
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1H-NMR (CDCl3, 300 MHz) δ (ppm): 7.5 (t, J = 40 Hz, 1H, 7-H), 7.9 (s 1H, 9-H), 8.5 (d, 2H, J 
= 47 Hz 8-H), 8.8 (d J = 36 Hz, 1H, 6-H), 9.1 (s, 1H, 2-H), 11.3 (s, 1H, NH). 
FT-IR (KBr) (cm-1): 3215(br), 3087(br), 1690(vs), 1591(s), 1546(s), 1484(s), 1426(s), 
1337(m), 1277(m), 1231(m), 1067(m), 896(m), 801(m), 755(m), 700(m), 680(w), 637(w), 
480(w). 
FAB-MS: m/z = 637 [M]+, 10 %. 
UV-Vis (DMF) λ(nm): 280 (ε = 140 M-1cm-1). 
CHN analysis: calcd. for C34H24N10O4·2(CH3)2SO C, 57.07, H, 4.49 N, 17.46 % Found C, 57.56; 
H, 4.58; N, 17.67 %. 
4.5.1 Synthesis of [Co2(L3) (H2O)4] 2.15 
 
The cobalt complex 2.15 was prepared following the same procedure described for the synthesis 
of 2.12 and obtained as a pale green solid (120 mg 65 % yield). 
 
FT-IR (KBr) (cm-1): 3386(br) 2343(w), 1604(vs), 1478(s), 1417(s), 1380(m), 1193(w), 
1105(w), 890(m), 804(m), 707(m), 644(w), 545(w). 
FAB-MS: m/z = 804 [M-H2O]+ 25 %. 
N N
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N
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UV-Vis (DMF) λ(nm): 270 (ε = 2300 M-1cm-1), 377 (ε = 1425 M-1cm-1). 
CHN analysis: calcd for C34H24N10O4Co2·6H2O·3.75CH3OH C, 41.15, H, 3.38, N, 14.33 %. 
Found C, 41.59; H, 3.71; N, 14.38 %. 
4.5.2 Preparation of {[Co(N3O2)]Cl·H2O}2·H2O  (2.20).  
N
N
N
O
O
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Cl
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2,2’,6,6’-Tetraacetyl-4,4’-bipyridine 2.18 (162 mg, 0.50 mmol) was added to a solution of  
CoCl2·6H2O (234 mg, 1.00 mmol) in MeOH (20 mL). The mixture was kept at 50 oC, and a 
solution of 3,6-dioxaoctano-1,8 diamine (0.148 g, 1.00 mmol) in MeOH (5 mL) was added 
dropwise with continuous stirring. The resulting solution was then refluxed for 5 hr, after which 
time the solvent was partially removed and the resulting precipitate was isolated by filtration, 
washed with diethyl ether and air dried to afford 2.20 as a brown solid. Yield (198 mg, 47 %).  
IR (KBr, cm-1): 3423(br), 2926(br), 2885(br), 2555(br), 2422(w), 2364(w), 2121(w), 1793(s), 
1644(s), 1603(s), 1562(s), 1321(m), 1295(m), 1120(m), 1093(m), 1104(m), 899(m), 798(m), 
671(m). 
MS (FAB): m/z [M-Cl-H2O]+ (3 %) 806; [M-Cl-2H2O]+ (5 %) 789; 771; [M-2Cl-2H2O]+ (100%) 
736. 
 CHN analysis: calcd for C30H46N6O7Cl4Co2: C, 41.78; H, 5.38; N, 9.74 %. Found C, 41.52; H, 
5.59; N, 9.95 %.  
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4.5.3 Synthesis of Dimethyl-2,3-O-isopropylidene-L-tartrate.212 (2.26) 
O
O
MeO2C
MeO2C
12
34
2.26
Me
Me
 
A solution of L(+)-tartaric acid (50.0 g, 0.330 mol), 2,2-dimethoxypropane (95.0 mL, 0.820 mol) 
and toluenesulfonic acid monohydrate (0.200 g, 1.05 mol ) in methanol (20 mL) was heated on a 
steam bath under N2. After 1.5 h, the reaction mixture turned red and additional portions of 2, 2-
dimethoxypropane (45.0 mL, 0.400 mol) and cyclohexane (225 mL) were added. The volatile 
fraction of the mixture was removed by distillation using a Vigreux column. The solution was 
then cooled to room temperature, after which time anhydrous potassium carbonate (0.500 g, 7.2 
mmol) was added and the resulting mixture was stirred until the red coloration disappeared. The 
volatile portion of the mixture was removed under reduced pressure and the residue was then 
distilled under vacuum, affording 2.26 as a pale yellow oil (60.0 g, 80 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.49 (s, 6 H, 1-H), 3.83 (s, 6 H, 4-H), 4.81 (s, 2 H, 2-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 25.9 (1-C), 76.7 (4-C), 113.5 (2-C), 169.8 (3-C).  
4.5.4 Synthesis of 2,3-Di-O-isopropylidene-L-threitol 2.27212  
O
O
HOH2C
HOH2C
12
34
2.27
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Me
 
A suspension of LiAlH4 (20.4 g, 0.538 mol) in dry diethyl ether (300 mL) was refluxed for 40 
mins. After completion, dimethyl-2,3-O-isopropylidene-L-tartrate (40.0 g, 0.180 mol) was added 
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dropwise over a period of two hours, and the resulting mixture was refluxed for an additional 5 h. 
The mixture was cooled to 0 ˚C and the reaction was quenched by adding sequentially H2O (20 
mL), 4M NaOH (20 mL), followed by an additional portion of H2O (50 mL). The resulting 
mixture was stirred at room temperature for 2 h to ensure that all the LiAlH4 had been quenched. 
The resulting white suspension was then filtered and the residue was extracted into THF using a 
Soxhlet apparatus. The solution was dried over MgSO4 and the solvent was removed in vacuo to 
afford 2.27 as pale yellow oil (37.0 g, 90 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.42 (s, 6 H, 1-H), 3.33-3.45 (br s, 2H, OH), 3.73 (br s, 4 
H, 3-H), 3.94 (br s, 2 H, 2-H) 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 26.6 (1-C), 57.4 (3-C), 62.7 (2-C).   
4.5.5 Synthesis of 1,4-Di-O-benzyl-2,3-O-isopropylidene-L-threitol  (2.28)  
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2,3-Di-O-isopropylidene-L-threitol 2.27 (39.0 g, 0.242 mol) was added dropwise over 2 h to a 
solution of sodium hydride (12.8 g, 0.533 mol) in  dry THF (150 mL) under nitrogen. After 2 h, 
benzyl bromide (91.7 g, 0.533 mol) was also added dropwise at room temperature over a period 
of 90 min. The resulting solution was left to stir at room temperature overnight under nitrogen. 
The solution was refluxed for 3 h, cooled in an ice bath and quenched with 100 mL of water until 
a homogeneous orange solution was obtained. The organic solvent was removed under vacuo 
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and the resulting solution was diluted with H2O (200 mL) and extracted into diethyl ether (2 x 
400 mL). The combined extracts were dried over MgSO4 and the solvent was removed under 
vacuo to yield 2.28 as yellow oil (76.0 g, 95 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.51 (s, 6H, 1-H), 3.68 (m, 4H, 3-H), 4.12 (s, 4H, 4-H), 
4.64 (s, 2H, 2-H), 7.31–7.56 (m, 10H, 6-H to 10-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 17.5 (1-C), 69.4 (3-C), 75.3 (4-C), 80.9 (2-C), 127.5 (6-C 
and 10-C), 127.9 (8-C), 128.7 (7-C and 9-C), 137.5 (5-C). 
4.5.6 Synthesis of S,S-1,4-Bis(benzyloxy)-2,3-butanediol (2.24)212  
2.24
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0.5 M Hydrochloric acid (30 mL) was added to a solution of 1,4-Di-O-benzyl-2,3-O-
isopropylidene-L-threitol 2.28 (90.0 g, 0.180 mol) in methanol (250 mL) and the mixture was 
refluxed for 1 hr. The volatile portion of the reaction mixture was removed by distillation. An 
additional portion of methanol (20 mL) and HCl (10 mL) were then added, and the reaction was 
stirred at room temperature until the hydrolysis was complete as indicated via TLC, eluting with 
a (1:1) mixture of hexane/ethyl acetate (Rf 0.430) The reaction mixture was diluted with 
saturated sodium bicarbonate solution (300 mL) and extracted into diethyl ether (2 × 500 mL). 
The ether extracts were combined, dried over anhydrous MgSO4, and filtered. Evaporation of the 
solvent afforded a yellow solid which was recrystallised from a (1:1) mixture of 
chloroform/hexane to give 2.24 as an off-white solid (53.0 g, 70 % yield). 
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1H-NMR (CDCl3, 300 MHz) δ (ppm): 2.86 (br s, 2H, OH), 3.42 (m, 2H, 2-H), 3.62 (m, 4H, 3-
H), 4.47–4.7 (m, 4H, 4-H), 7.36–7.56 (m, 10H, 6-H to 10-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 70.7 (3-C), 71.8 (2-C), 73.5 (4-C), 127.9 (6-C and 10-C) 
127.5 (8-C), 128.5 (7-C and 9-C), 138.1 (5-C). 
M.p.: 56 ˚C; Lit [56-57 ˚C ].212 
 4.5.7 Synthesis of 2,3-Di-O-allyl-1,4-di-O-benzyl-L-threitol (2.29A) 212 
2.29A
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The diol 2.24 (4.50 g, 0.015 mol) was dissolved in dry THF (100 mL) under nitrogen. Sodium 
hydride (1.40 g, 0.060 mol) was then added to the solution portion wise, and the reaction was left 
to stir at 30oC for 1.5 h before allyl bromide (7.26 g, 0.060 mol) was added dropwise over a 
period of 1.5 h. The reaction mixture was then refluxed overnight, after which time and the 
reaction allowed to cool to room temperature and filtered. The filtrate was collected and the 
solvent removed under vacuum. The remaining residue was dissolved in DCM (200 mL), 
washed with water (50 mL) and dried over MgSO4. Removal of the solvent under reduced 
pressure afforded 2.29A as a pale yellow oil (5.00 g, 87 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 3.62 (m, 4H, 5-H), 3.80 (m, 2H, 4-H), 4.15-4.30 (m, 4H, 
3-H), 4.55 (s, 4H, 6-H), 5.15-5.26 (m, 4H, 1-H), 5.9-6.1 (m, 2H, 2-H), 7.39 (m, 10H, 8-H to 12-
H).   
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13C-NMR (CDCl3, 75 MHz) δ (ppm): 69.8 (4-C), 72.3 (5-C), 73.4 (3-C), 77.8 (2-C), 116.9 (1-
C), 127.5 (10-C), 127.6 (8-C and 12-C), 128.3 (9-C and 11-C), 135.3 (2-C), 138.3 (7-C).  
FAB-MS: m/z = 382 [M]+ (2 %).  
 
4.5.8 Synthesis of (5R,6R)-5,6-diphenyl-4,7-dioxa-1,9-decadiene (2.29B) 
4
5
O
O
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2.29B  
(R,R)-(+)-hydrobenzoin (5.00 g, 0.023 mol) was dissolved in dry THF (120 mL) under nitrogen. 
Sodium hydride (1.80 g, 0.075 mmol) was added to the solution portion wise and the reaction 
mixture was stirred for 1 h at 30 ºC. A solution of allyl bromide (6.94 mL, 0.082 mol) in THF 
(20 mL) was then added slowly over 30 min, after which time the reaction mixture was stirred 
and heated to 40 ºC for 2 h and then refluxed at 90º C for an additional 24 h. The progress of the 
reaction was monitored by TLC (DCM/MeOH (9.5:0.5)) (Rf 1). When no starting material 
remained, the reaction was allowed to cool to room temperature. A white precipitate was then 
removed by filtration and discarded and the filtrate was evaporated to dryness in vacuo. The 
resulting yellow oil was dissolved in DCM (100 mL), washed with H2O (2 x 50 mL), brine (2 x 
50 mL), and dried over MgSO4. Removal of the solvent under reduced pressure afforded 2.29B 
as a pale yellow oil (4.98 g, 73 % yield).  
 
251 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 3.92 (dd, J = 13.56 Hz, 1H, 3-H), 4.07 (dd, J = 13.19 Hz, 
1H, 3-H), 4.54 (s, 2H, 4-H), 5.15 (d, J = 9.23 Hz, 2H, 1-H), 5.27 (d, J = 15.59 Hz, 2H, 1-H), 5.91 
(m, 2H, 2-H), 7.10 (s, 4H, 6, 10-H), 7.21 (s, 6H, 7, 8, 9-H). 
13C NMR (CDCl3, 75 MHz) δ (ppm): 70.2 (3-C), 85.1 (4-C), 116.5 (1-C), 127.4 (2-C), 127.7 
(8-C), 128.1 (7-C, 9-C), 135.1 (6-C, 10-C), 138.8 (5-C). 
IR (KBr, cm-1): 3084(br), 3063(br), 2861(w), 1646(s), 1453(m), 1080(m), 942(m), 701(m). 
FAB-MS: m/z = 294 [M]+ 5 %.  
HRMS (FAB): Found m/z = 294.1625 [M]+. Calcd. for C20H22O2, 294.1620   
4.5.9 Synthesis of 2,3-Bis-O-(2-hydroxyethyl)-1,4-di-O-benzyl-L-threitol 2.30A212 
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Compound 2.29 (4.50 g, 0.012 mol) was dissolved in a (1:3) mixture of H2O/THF (80 mL) under 
a nitrogen atmosphere. OsO4 (88.0 mg, 0.347 mmol) was then added and the reaction was stirred 
at room temperature for 2 h in the dark. Sodium periodate (15.2 g 0.071 mol) was then added 
portion wise over a 1 h period and the reaction was left stirring at room temperature overnight. 
The organic fraction was removed under vacuum and the residue was dissolved in a (1:1) 
mixture of MeOH/DCM (180 mL) to afford a pale yellow solution. The solution was cooled in 
an ice bath and NaBH4 was slowly added over 1.5 h. During the addition, the color of the 
solution changed from pale yellow to grey. The solution was allowed to stir at room temperature 
overnight. The reaction was quenched with water (200 mL) and the product was extracted into 
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DCM (2 x 125 mL). The organic extracts were washed with 1N HCl (30 mL) and brine (20 mL), 
affording 2.30A as brown/yellow oil. (31.0 g, 67 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 3.22 (br, s 2H,-OH), 3.54-3.80 (m, 12H, 2-, 3-, 6-H), 
4.53 (s, 2H, 4-H), 7.25-7.40 (m, 10H, 8-H to 12-H ). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 62.2 (2-C), 69.4 (5-C), 73.0 (3-C), 73.6 (6-C), 79.7 (4-C), 
127.5 (8-C), 127.9 (8-C and 12-C), 128.5 (9-C and 11-C), 137.8 (7-C). 
FAB-MS: m/z = 391 [M]+ (2 %).  
4.5.10 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediol (2.30B) 
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Compound 2.30B was prepared following the same procedure used to prepare 2.30A to afford 
the crude product that was purified via column chromatography on silica gel, eluting with a (20:1) 
mixture of CHCl3/MeOH to give 2.30B as a yellow oil (5.64 g, 84 % yield).  
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 3.04 (s, 2H, 1-H). 3.52 (m, 2H, 2-H), 3.71 (m, 2H, 2- H), 
3.78 (m, 4H, 3-H), 4.50 (s, 2H, 4-H), 7.08 (s, 4H, 6-H, 10-H), 7.21 (s, 6H, 7-H, 8-H, 9-H). 
13C NMR (CDCl3, 75 MHz) δ (ppm): 61.8 (2-C). 71.2 (3-C), 86.9 (4-C), 127.6 (8-C), 127.9 (7-
C, 9-C), 128.2 (6-C, 10-C), 138.3 (5-C), 
IR (KBr, cm-1): 3490(br), 3344(br), 3030(w), 2869(w), 1709(s), 1453(m), 1363(m), 1222(m), 
1067(m). 
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FAB-MS: m/z = 303 [M+H]+ 7 %.  
HRMS (FAB): Found m/z = 303.1596 [M]+; Calcd. 303.1582 for C18H23O4.  
4.5.11 Synthesis of 2,3-Bis-O-(2-phthalimidoethyl)-1,4-di-O-benzyl-L-threitol 2.31A212  
2.31A
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A THF (120 mL) solution of 2.30 (4.50 g, 0.012 mol) was added to a flask containing 
phthalimide (4.2 g, 0.029 mol) and triphenylphosphine (7.50 g, 0.290 mol) at room temperature 
under nitrogen. Di-isopropylazodicarboxylate (5.80 g, 0.029 mol) was then added to the solution 
dropwise over a period of 1 h and the reaction was left to stir for 4 days at room temperature. 
The progress of the reaction was monitored by TLC (Silica gel, Rf  0.3, EtOAc). On completion, 
the solvent was removed under vacuo and the resulting oil was purified by column 
chromatography eluting with a (2:3) mixture of EtOAc/hexane on silica gel (Rf  0.46), to afford 
2.31A as a pale yellow oil (2.00 g, 45 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 3.45-3.55 (m, 4H, 1-H ), 3.65 (m, 4H, 2-H), 3.75-3.93 
(m, 8H, 5-, 4-H), 4.32 (s, 2H, 3-H), 7.25-7.40 (m, 10H, 7- to 11-H), 7.67-7.85 ( m, 8H, 14- to 17-
H). 
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4.5.12 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediphthalimide (2.31B) 
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Compound 2.31B was prepared following the same procedure used to prepare 2.31A to afford 
2.31B  as a white solid (3.77 g, 37 % yield).  
1H NMR (CDCl3, 300 MHz) δ (ppm): 3.61 (t, J = 5.65 Hz, 4H, 1-H). 3.78 (dt, J = 15, 4.95 Hz, 
4H, 2-H), 4.41 (s, 2H, 3-H), 6.83 (d, J = 7.54 Hz, 4H, 5-H, 9-H), 6.94 (m, 6H, 6-H, 7-H, 8-H), 
7.74 (s, 4H, 13-H, 14-H), 7.84 (s, 4H, 12-H, 15-H). 
13C NMR (CDCl3, 75 MHz) δ (ppm): 37.7 (1- C), 66.2 (2-C), 85.7 (3-C), 123.2 (Ph), 127.8 
(Ph), 133.2 (Ph), 134.1 (Ph), 137.9 (4-C), 168.5 (10-C). 
IR (KBr, cm-1): 3032(br), 2887(br), 1774(s), 1720(s), 1396(m), 1105(m), 1026(m), 711(m). 
M.p.: 180-182° C.  
FAB-MS: m/z = 561 [M+H]+ 7 %.  
HRMS (FAB): Found m/z = 561.1962 [M]+; Calcd. 561.2026 for C34H29N2O6.  
CHN: Calcd. for C34H28N2O6·0.5H2O C: 71.69; H: 5.13; N: 4.92%. Found C: 71.65, H: 5.24, N: 
4.84 %. 
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4.5.13 (4R,5R)-4,5-diphenyl-3,6-dioxa-1,8-octanediamine (2.22)  
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Hydrazine monohydrate (3.46 g, 0.069 mol) was added to a suspension of (2.31B) (3.87 g, 6.90 
mmol) in warm ethanol (95 %, 200 mL), and the reaction mixture was refluxed for 28 h. The 
progress of the reaction was monitored by TLC (DCM) (Rf  0.8). On completion, the mixture 
was cooled to room temperature and a white precipitate was removed by gravity filtration. The 
precipitate was washed with cold ethanol (2 x 3 mL) and cold DCM (2 x 3 mL). The filtrate was 
then collected and evaporated under reduced pressure. The resulting residue was dissolved in 
DCM (300 mL), and washed with 2N HCl (3 x 150 mL). The aqueous phase was collected and 
the pH was adjusted to 10 by the addition of a 20 % solution of NaOH. The mixture was then 
stirred for 30 minutes, and the product was extracted into DCM (3 x 60 mL), washed with H2O 
(2 x 50 mL), brine (2 x 50 mL), and then dried over Na2SO4. The solvent was removed to afford 
(2.22) as a pale yellow oil (1.60 g, 78 % yield).  
1H NMR (CDCl3, 300 MHz) δ (ppm): 2.20 (s, 4H, NH). 2.82, (t, J = 5.23 Hz, 4H, 1-H), 3.35 
(dt, J = 9.52, 4.85 Hz, 2H, 2-H), 3.46 (dt, J = 9.52, 4.85 Hz, 2H, 2- H), 4.44 (s, 2H, 3-H), 7.11 (m, 
4H, 5-H, 9-H), 7.19 (m, 6H, 6-H, 7-H, 8-H). 
13C NMR (CDCl3, 75 MHz) δ (ppm): 41.9 (1-C). 71.9 (2-C), 86.0 (3-C), 127.5 (Ph), 127.8 (Ph), 
139.0 (4-C). 
FAB-MS: m/z = 301 [M+H]+, 27.1 %.  
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CHN: Calcd. for (C18H24N2O2)·H2O C, 67.9; H, 8.23; N, 8.80 %. Found C, 68.39, H, 8.04, N, 
8.34 %. 
IR (KBr, cm-1): 3364(br), 3294(br), 3030(m), 2921(w), 2866(m), 1453(s), 1265(m), 1102(m), 
701(m). 
4.5.14 Synthesis of 2,3-Bis-O-(2-aminoethyl)-1,4-di-O-benzyl-L-threitol (2.23)  
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Hydrazine monohydrate (1.00 g, 0.020 mol) was added to a solution of dipthalimide 2.31 (1.50 g, 
0.002 mol) in ethanol (60 mL) at 60 ºC, and the resulting solution was refluxed overnight. After 
refluxing, the reaction mixture was allowed to cool to room temperature, affording a white 
precipitate. The white precipitate was removed via filtration and washed with cold ethanol (20 
mL), followed by DCM (20 mL). The precipitate was discarded and the filtrate and washings 
combined. The solvent was removed in vacuo and the residue was dissolved in 20 % NaOH (50 
mL), washed with DCM (3 x 20 mL) and dried over Na2SO4, to afford the crude product as a 
yellow oil. Purification of the oil by column chromatography was carried out sequentially eluting 
with; (i) 5 % MeOH in DCM (Rf  0.1) and; (ii) 5 % NH4OH in 5 % MeOH/DCM (Rf  0.4). The 
desired product 2.23 was obtained as a pale yellow oil (0.300 g, 50 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.38 (s, 4H, NH2), 2.84 (s, 4H, 3-H), 3.57 (m, 4H, 5-H), 
3.69 (m, 4H, 6-H), 4.52 (s, 2H, 4-H), 7.28-7.40 (m, 10H, 8-H to 12-H). 
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13C-NMR (CDCl3, 75 MHz) δ (ppm): 42.3 (2-C), 69.4 (3-C), 73.4 (5-C), 73.9 (6-C), 79.0 (4-C), 
127.5 (8-C and 12-C), 127.7 (9-C and 11-C), 138.1 (7-C), 128.4 (8-C). 
FT-IR (KBr) (cm-1): 3367(m), 3029(m), 2913(m), 2865(m), 1672(m), 1579(m), 1496(m), 
1454(s), 1365(m), 1207(m), 1095(vs), 817(w), 736(s), 698(s). 
ESI-MS m/z = 388 [M]+, 50%. 
4.5.15 Synthesis of R,R[Fe(N3O2)(CN)2]2·4.5CH2Cl2·5H2O (2.32) 
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To a degassed solution of FeCl2.4H2O (128 mg, 0.640 mmol) in MeOH (3 mL) was added a 
solution of Na2S2O4 (80 mg, 0.450 mmol) in degassed H2O (3 mL), followed by tetraacetyl-4,4’-
bipyridine 2.18 (110 mg, 0.342 mmol) and the chiral diamine (4S,5S)-4,5-diphenyl-3,6-dioxa-
1,8-octanediamine (250 mg, 0.851 mmol). The mixture was then gently heated to 95˚C for 20 h. 
The solution was then cooled to 50 ˚C and the volume reduced to 50 %. The remaining solution 
was filtered under nitrogen into a solution of NaCN (973 mg, 12.0 mmol) in degassed H2O (5 
mL), containing Na2S2O4 (48.0 mg, 0.274 mmol) and stirred for an additional 3 h. The resulting 
purple/blue precipitate was collected by filtration, washed with water (5 x 50 mL), followed by a 
(10:1) mixture of Et2O/THF (50 ml). The purple blue solid obtained was recrystallized from a 
DCM/hexane solution to afford the macrocycle 2.32 (200 mg, 35 % yield).  
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FT-IR (KBr) (cm-1): 3404(br), 2925(w), 2096(w), 1799(w), 1636(m), 1594(m), 1493w), 
1454(m), 1377(m), 1088(m), 1056(s), 1022(s), 766(s), 658(m), 629(m). 
FAB-MS: m/z = 1042 [M – CN]+, 30 %. 
UV-Vis (EtOH) λ(nm) 298 K : 370 (ε = 1985 M-1cm-1), 500 (ε = 1626 M-1cm-1), 657 (ε = 1932  
M-1cm-1).   
UV-Vis (EtOH) λ(nm) 77 K : 370 (ε = 2000 M-1cm-1), 490 (ε = 3500 M-1cm-1), 640 (ε = 1800 
M-1cm-1) 
CHN analysis: calcd for C58H56Fe2N10O4·4.5CH2Cl2·5H2O C, 48.74; H, 4.90; N, 9.09 % Found 
C, 48.40; H, 4.91; N, 9.46 % 
4.5.16 Synthesis of S,S [Fe(N3O2)(CN)2]2·4H2O  (2.33) 
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The S,S complex 2.33 was prepared following the methodology described for the R,R complex 
2.32. To a degassed solution of FeCl2.4H2O (128 mg, 0.640 mmol) in MeOH (3 mL) was added a 
solution of Na2S2O4 (75.0 mg, 0.430 mmol) in degassed H2O (3 mL), followed by tetraacetyl-
4,4’-bipyridine 2.18 (103 mg, 0.322 mmol) and the chiral diamine 2.23 (250 mg  0.644 mmol) 
The mixture was then gently heated to 95˚C for 20 h. The solution was then cooled to 50 ˚C and 
the volume reduced to 50 %. The remaining solution was filtered under nitrogen into a solution 
of NaCN (973 mg, 12 mmol) in degassed H2O (5 mL), containing Na2S2O4 (48.0 mg, 0.274 
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mmol) and stirred for an additional 3 h. The resulting purple/blue precipitate was collected by 
filtration, washed with water (5 x 50 mL), followed by a (10:1) mixture of Et2O/THF (50 ml). 
The macrocycle 2.33 was isolated as a purple blue microcrystalline solid (200 mg, 35 % yield).  
FT-IR (KBr) (cm-1): 3405(br), 2864(br), 2044(vs), 2004(w), 1637(m), 1597(m), 1452(m), 
1364(m), 1207(w), 1092(vs), 740(m), 698(m), 587(m). 
FAB-MS: m/z = 1239 [M – CN]+. 
UV-Vis (EtOH) λ(nm): 391 (ε = 972 M-1cm-1), 519 (ε = 675 M-1cm-1), 646 (ε = 941 M-1cm-1). 
CHN analysis: calcd for C66H72Fe2N10O8·4H2O.  C, 55.28; H, 5.62; N, 9.77 % Found C, 57.53; 
H, 5.84; N, 11.41 % 
4.5.17 Synthesis of 2,3 bis(2-propen-1-yloxy)butane 2.40 211  
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The diene 2.15 was prepared from 2,3-butanediol, following  the methodology described above 
for the preparation of 2.5. The compound was isolated as a yellow oil (2.50 g, 87 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.18 (m, CH3), 3.45 (dd, J  = 1.5, 4.9 Hz, 2H, 4-H), 4.06 
(m, 4H, 3-H), 5.12 (dd, J  = 1.7, 10.5 Hz, 2H, 1-H), 5.32 (dd, J  = 1.7,  17.2 Hz, 1H, 2-H), 5.91 
(m, 2H, 2-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 15.7(5-C), 68.5(3-C), 70.3(4-C), 116.8(2-C), 135.4(1-C). 
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4.5.18 Synthesis of racemic 2-(2-(3-(2-(tetrahydro-2H-pyran-2-yloxy)ethoxy)butan-2-
yloxy)ethoxy)-tetrahydro-2H-pyran (2.44)  
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Aqueous 50 % NaOH (88.0 g, 2.20 mol) was added under nitrogen, to a solution of 2,3-
butanediol (10.0 g, 0.110 mol) together with 2-(2-chloroethoxy)-tetrahydropyran (97.9 g, 0.620 
mol) and tetrabutylammonium hydrogen sulfate (3.40 g 0.010 mol) over a period of 2 h, under 
nitrogen. The two-phase reaction mixture was left to stir vigorously at 65˚C for 3 days. DCM 
(100 mL) was then added to the solution, and the organic layer was collected, washed water (50 
ml) and dried over MgSO4 and filtered using a layer of silica gel. Evaporation of the solvent 
under vacuum afforded an oil which was purified by column chromatography (SiO2, EtOAc, Rf   
0.3) to afford the desired product 2.16 as an orange oil (35.0 g, 92 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.2 (m, CH3), 1.54-1.85 (m, 12H, 4-, 5-, 6-H), 3.50-3.75 
(m, 8H, 1-, 2-H ), 3.86 (m, 4H, 7-H ), 4.11 (q, J = 7.0 Hz, 2H, 3-H), 4.65 (q, J = 3.7 Hz, 1H, 8-
H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 14.3 (CH3), 19.4 (6-C), 25.5 (5-C), 30.6 (7-C), 43.4 (4-C), 
60.4 (1-C), 62.4 (2-C), 67.8 (3-C), 99.1 (8-C). 
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4.5.19 Synthesis of racemic 4,5-dimethyl-3,6-dioxa-1,8-octanediol (2.41) 
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The racemic diol 2.41 was obtained following the same procedure used for the synthesis of 2.6. 
The compound was obtained as yellow oil (18 mg, 20 % yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.11 (d, J = 6.3 Hz, CH3), 3.69 (m, 12H, 1-H to 3-H). 
 
4.5.20  Synthesis of the racemic 2,3-Bis-O-(2-phthalimidoethyl)-1,4-di-O-methyl-threitol 
(2.42) 211 
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To a flask containing phthalimide (2.00 g, 0.136 mol) and triphenylphosphine (3.50 g, 0.134 mol) 
under nitrogen was added first a THF (70 mL) solution of racemic diol 2.17 (1.00 g, 0.560 mol) 
followed by a dropwise addition of diisopropylazodicarboxylate (7.30 g, 0.036 mol) over a 
period of 1 h. The reaction mixture was stirred for 6 days at room temperature and the solvent 
was removed in vacuo. The resulting oil was purified by column chromatography (SiO2, 
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EtOAc/hexane (3:1) (Rf  0.25) affording the desired product 2.18 as a white solid (0.200 g, 20 % 
yield). 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.00 (m, 6H, CH), 3.33 (m, 2H, 1-H), 3.62 (m, 4H, 2-H), 
3.81 (m, 4H, 3-H), 7.72 (m, 4H, 7-H, 8-H), 7.86 (m, 4H, 6-H, 9-H). 
4.5.21 Synthesis of  2,3-bis-O-(2-aminoethyl)-1,4-di-O-methyl-threitol (2.38) 
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Hydrazine monohydrate (0.5 g, 0.01 mol) was added to a solution of dipthalimide 2.42 (1.00 g, 
0.002 mol) in warm ethanol (60 mL), and the reaction mixture was refluxed overnight. The 
solution was then cooled to room temperature affording a white precipitate that was filtered, 
washed with cold ethanol (20 mL), DCM (20 mL) and then discarded. The filtrate was then 
combined and the solvent removed in vacuo to afford a white solid. The solid was dissolved in 
20 % NaOH (50 mL), washed with DCM (3 x 20 mL) and dried over Na2SO4 to afford a pale 
yellow oil. The oil was purified by column chromatography (SiO2) eluting sequentially with 5 % 
MeOH in DCM and 5 % NH4OH in 5 % MeOH/DCM, affording the amine 2.38 as a pale yellow 
oil (0.030 g, 10 % yield). 
 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 1.61 (m, 6H, 1-H), 1.72 (s, br, 4H, NH2), 2.85 (s, br, 2H, 
2-H), 3.41 (m, 4H, 3-H), 3.47 (m, 4H, 4-H). 
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13C-NMR (CDCl3, 75 MHz) δ (ppm): 15.6 (1-C), 42.2 (4-C), 71.6 (3-C), 78.5 (2-C). 
ESI-MS m/z = 177 [M +H]+ (90 %). 
4.5.22 Synthesis of S,S [Fe(N3O2)(CN)2]·1.6H2O·0.6C4H8O  (2.50) 
 
2.50
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 To a degassed solution of FeCl2·4H2O (128 mg, 0.640 mmol) in MeOH (3 mL) under nitrogen 
was added a solution of Na2S2O4 (75.0 mg, 0.430 mmol) in degassed H2O (3 mL) followed by 
2,6-diacetylpyridine (105 mg, 0.640 mmol) and the chiral diamine 2.32 (259 mg, 0.640 mmol). 
The resulting solution was gently heated to 95°C for 20 h after which time the volume of the 
solvent was reduced to 50%, and the solution was filtered under nitrogen into a solution of 
NaCN (621 mg, 12.0 mmol) and Na2S2O4 (48.0 mg, 0.274 mmol) in degassed H2O (5 mL). The 
solution was then stirred for an additional 3 h under nitrogen to obtain a purple/blue precipitate. 
The  purple/blue precipitate was then collected by filtration and washed several times with H2O 
and a (10:1) mixture of Et2O/THF to afford the desired complex 2.50 as a dark purple/blue 
microcrystalline powder (300 mg, 50 % yield). 
FT-IR (KBr) (cm-1): 3464(br), 3414(w), 2857(br), 2095(s), 1638(w), 1454(m), 1364(m), 
1315(m), 1207(m), 1159(m), 1087(s), 1050(w), 806(m), 734(m), 698(m). 
FAB-MS: m/z = 597 [M – CN]+, 30 %. 
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UV-Vis (EtOH, 298 K) λ (nm): 375 (ε = 845 M-1cm-1), 490 (ε = 1321 M-1cm-1), 600 (ε = 1257 
M-1cm-1). 
UV-Vis (EtOH, 200 K) λ (nm): 367 (ε = 1533 M-1cm-1), 487 (ε = 2488 M-1cm-1), 600 (ε = 
1798 M-1cm-1). 
CHN analysis: calcd for C33H37FeN5O4·1.6H2O·0.6C4H8O C, 61.19; H, 6.05; N, 9.68 %. Found 
C, 61.44; H, 6.50; N, 10.12 %. 
4.6 Experimental section for Chapter 3 
4.6.1 Synthesis of TTF (3.1) 200 
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The large scale synthesis of TTF was achieved following a synthetic procedure first reported by 
Bryce et al., to obtain TTF as orange needles in 60 % yield. 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 6.33 (s, 4H, CH).  
13C-NMR (CDCl3, 75 MHz) δ (ppm): 119.1 (1-C), 110.1 (2-C). 
M.p.: 119-120 ˚C, Lit [119-119.5 ˚C]. 
4.6.2 Synthesis of formyl tetrathiafulvalene (3.2) 201  
Formyltetrathiafulvalene 3.2 was synthesized following the literature procedure reported by 
Bryce et al.  
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Into a stirred solution of 3.1 (1560 mg,  8.00 mmol) in anhydrous ether at -78 ˚C under nitrogen 
atmosphere was syringe a solution of lithium diisopropylamide (6.00 mL, 9.10 mmol, over a 
period of 10 mins.The solution was left to stir at -78 C for 1.5 hr, after which time N-methyl-N-
phenylformamide (2 mL, 16.7 mmol) was added and stirring continued at -78 ˚C for 2 hr. The 
solution was then left to come to room temperature overnight. Water (60 mL) was added and the 
solution acidified with 20 mL HCl (1M). The organic layer was separated and the aqueous layer 
extracted with CH2Cl2 (2 x 50 mL). The combined extracts were washed with water (2 x 25 mL). 
Dried over MgSO4 and evaporated in vacuo to yield the product 3.2 as a deep red 
microcrystalline solid (1.10 g, 60 % yield) 
1H-NMR (CDCl3, 300 MHz) δ (ppm): 6.37 (d, J = 4.2 Hz, 2H, 6-H, 7-H), 7.43(s, 1H, 3-H), 
9.50 (s, 1H, 1-H). 
13C-NMR (CDCl3, 75 MHz) δ (ppm): 190 (1-C), 143 (2-C), 141 (3-C), 129 (4-,5-C,), 126 (6-,7-
C). 
M.p.: 110 ˚C. 
4.6.3 General procedure for the preparation of TTF-ligands L4 to L9 
Formyl-TTF (103 mg, 0.44 mmol) and the appropriate aminopyridine (350 mg, 3.72 mmol) were 
dissolved in dry DCM (50 mL) containing activated molecular sieves 4 Å. After refluxing under 
an atmosphere of nitrogen for 48 hours, the solution was filtered over a pad of Celite and the 
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filtrate was evaporated to afford the desired ligand, which was purified by column 
chromatography (see later).   
4.6.4 Synthesis of TTF-CH=N-2pyridne (L4) 107 
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Compound L4 was prepared following the previously described general procedure for the 
preparation of TTF-ligands. Column chromatography of the crude product on silica gel using 
DCM (Rf  0.4) afforded L4 as a dark brown solid. (240 mg, 70 % yield). 
 
 1H-NMR (CDCl3, 300 MHz) (ppm): 6.44 (d, J = 3.7 Hz, 2H, 11-H, 12-H), 7.22 (s, 1H, 8-H), 
7.29 (d, J = 3.1 Hz, 1H, 4-H), 7.34 (d, J = 3.8 Hz, 1H, 1-H), 7.78 (t, J = 3.2 Hz, 1H, 2-H), 8.46 
(td, J = 3.1, 7.5 Hz, 1H, 3-H), 9.06 (s, 1H, 6-H). 
13C-NMR (CDCl3, 75 MHz) (ppm): 107.5 (4-C). 113.7 (2-C), 118.9 (11-C), 119.3 (10-C), 
120.9 (7-C), 122.5 (12-C), 132.1 (11-C), 138.3 (8-C), 138.8 (3-C), 148.8 (1-C), 152.4 (5-C), 
159.4 (6-C). 
FT-IR (KBr) (cm-1): 3424(br),3021(m),1649(m), 1575(s),  1555(vs), 1536(m), 1459(s), 
1430(s), 1316(m), 1161(m), 877(m), 790(s), 735(m), 638(s). 
M.p.: 148 ˚C. 
FAB-MS m/z = 309[M +H]+, 50 %. 
UV-Vis (CH2Cl2) λ(nm): 318 (ε = 20000 M-1cm-1), 498 (ε = 3529 M-1cm-1) 
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CHN analysis: calcd for C12H8N2S4 C, 46.42; H, 2.61; N, 9.08 % Found C, 46.50; H, 2.73; N, 
9.23 % 
4.6.5 Synthesis of TTF-CH=N-4pyridine (L5) 199 
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Compound L5 was prepared following the previously describe general procedure. Column 
chromatography of the crude product on silica gel eluting first with DCM to remove any TTF-
CHO, followed by a (10:1) mixture of DCM/MeOH (Rf  0.2) afforded L5 as a red solid (45 mg, 
33 % yield). Suitable crystals for X-ray crystallography were obtained via slow evaporation of a 
methanol solution of L5 at room temperature. 
 
1H-NMR (CDCl3, 300 MHz) (ppm): 6.39 (d, J = 3.6 Hz, 2H, 11-H, 12-H), 7.00 (s, 1H, 8-H), 
7.12 (d, J = 3.5 Hz, 2H, H, 4-H), 8.60 (d, J = 3.2 Hz, 2H, 2-H, 3-H), 8.81 (s, 1H, 6-H). 
13C-NMR (CDCl3, 75 MHz) (ppm): 152.8 (6-C), 150.8 (2-C and 3-C), 138.0 (9-C and10-C) 
132.5 (1-,4-C), 119.4 (7-C), 118.9 (8-C), 115.7 (11-, 12-C).  
FT-IR (KBr) (cm-1): 3026(br), 1651(vs), 1571(s), 1530(s), 1480(m), 1406(m), 1202(m), 
1162(m), 870(m), 796(m), 658(m). 
M.p.: 132 ˚C. 
FAB-MS: m/z = 309 [M + H]+, 100 %.  
UV-Vis (CH2Cl2) λ(nm): 306 (ε = 23529 M-1cm-1), 497 (ε = 4588 M-1cm-1) 
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CHN analysis: calcd for C12H8N2S4 C, 46.72; H, 2.61; N, 9.08 %. Found C, 46.34; H, 2.41; N, 
8.89 % 
4.6.7 Synthesis of TTF-CH=N-thiazole (L6) 
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Compound L6 was prepared following the previously described procedure for the preparation of 
TTF-ligands. Column chromatography of the crude product on silica gel eluting first with DCM 
to remove any TTF-CHO, followed by a (10:1) mixture of DCM/MeOH (Rf  0.3) yielded L6 as a 
purple solid (45 mg, 70 % yield). 
  
1H-NMR (CDCl3, 300 MHz) (ppm):  6.38 (d, J = 3.9 Hz, 2H, 9-H, 10-H), 7.12 (d, J = 3.7 Hz 
1H, 1-H), 7.20 (s, 1H, 6-H), 7.65 (d, J = 3.6 Hz, 1H, 2-H), 8.84 (s, 1H, 4-H). 
13C-NMR (CDCl3, 75 MHz) (ppm): 168.9 (3-C), 152.9 (4-C), 141.8 (1-C), 139.3 (5-C), 137.3 
(6-C), 136.5 (9-C and 10-C), 119.8 (8-C), 119.4 (7-C), 107.1 (2-C).  
FT-IR (KBr) (cm-1): 3405(s), 3288(m), 3108(w), 1625(vs), 1554(s), 1517(vs), 1475(s), 
1378(m), 1326(m), 1201(m), 1126(m), 1027(s), 794(m), 711(w), 649(s), 514(s). 
FAB-MS: m/z = 314 [M]+, 50 %. 
M.p.:133 ˚C. 
UV-Vis (CH2Cl2) λ(nm): 319 (ε = 3600 M-1cm-1), 500 (ε = 65 M-1cm-1). 
CHN analysis: calcd for C10H6N2S5 C, 34.59; H, 1.48; N, 12.98 %. Found C, 34.26; H, 1.60; N, 
13.32 % 
269 
 
4.6.8 Synthesis of TTF-CH=N-thiadiazole (L7) 
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Compound L7 was prepared following the general procedure previously described. The crude 
product was purified by column chromatography on silica gel using DCM as solvent to remove 
any TTF-CHO, followed by 10:1 mixture of  DCM/MeOH (Rf  0.24) afforded  L7 as a deep 
purple solid (240 mg, 80 % yield). 
1H-NMR (CDCl3, 300 MHz) (ppm): 6.38 (d, J = 3.5 Hz, 2H, 8-H, 9-H), 7.38 (s, 1H, 5-H), 
8.85 (s, 1H, 1-H), 9.03 (s, 1H, 3-H). 
13C-NMR (CDCl3, 75 MHz) (ppm): 173.9 (3-C), 168.7 (2-C), 159.8 (1-C), 153.7 (4-C), 143.4 
(5-C) 141.5 (8-C), 136.8 (9-C), 120.9 (7-C), 121.3 (6-C). 
FT-IR (KBr) (cm-1): 3020(br), 1618(s), 1564(vs), 1510(vs), 1414(vs), 1317(m), 1253(m), 
1198(s), 1169(s), 1028(s), 843(m), 820(m), 795(s), 685(m), 638(s), 553(m). 
FAB-MS: m/z = 315 [M]+, 30 %. 
HRMS FAB: found m/z = 314.90722 for [M]+; Calculated: 314.90870 for C9H5N3S5 
M.p.: 148 ˚C 
UV-Vis (CH2Cl2) λ(nm): 258(ε = 9500 M-1cm-1), 315 (ε = 2356 M-1cm-1), 543 (ε = 425 M-1cm-1) 
CHN analysis: calcd for C9H5N3S5 C, 34.59; H, 1.48; N: 12.98 %. Found C, 34.26; H, 1.60; N, 
13.32 %.  
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4.6.9 Synthesis of TTF-CH=N-triazole (L8) 
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Under nitrogen, a methanol solution (7 mL) of 3,5-diamino-1,2,4-triazole (0.7 g, 2.34 mmol) was 
added dropwise to a solution of formyl-TTF (200 mg, 0.862 mmol) in dry DCM (70 mL) 
containing activated molecular sieves 4 Å. After refluxing for 48 hours, the solution was filtered 
over a pad of Celite, and the solvent was removed to give a deep red oil. Column 
chromatography of the oil on silica gel using DCM to remove any TTF-CHO and later 
DCM/MeOH 10:2 (Rf  0.25) afforded L8 as a dark red solid (50 mg, 20 % yield). Single crystals 
suitable for X-ray diffraction were grown via slow evaporation of a methanol solution at room 
temperature.  
1H-NMR (CDCl3, 300 MHz) (ppm): 6.42 (d, J = 4.2 Hz, 2H, 8-H, 9-H), 7.63 (s, 1H, 5-H), 
8.70 (s, 1H, 3-H). 
13C-NMR (CDCl3, 75 MHz) (ppm): 156.8 (3-C), 154.4 (2-C), 153.8 (4-C), 135.7 (5-C), 122.6 
(6-C), 121.2 (7-C), 119.6 (8-,9-C). 
FT-IR (KBr) (cm-1): 3420(br), 3316(br), 3058(br), 2920(br), 1634(s), 1603(m), 1573(vs), 
1519(m), 1427(m), 1369(m), 1260(m), 1159(m), 1088(m), 774(m), 647(m). 
FAB-MS: m/z = 526 [M+H]+, 2 %.  
M.p.: 168 ˚C. 
UV-Vis (CH2Cl2) λ(nm): 300 (5265 M-1cm-1), 475 (350 M-1cm-1). 
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CHN analysis: calcd for C16H9N5S8·4CH3OH  C, 36.62; H, 3.84; N, 10.68 %. Found C, 39.42; H, 
2.12; N, 8.40 %.  
4.6.10 General procedure for the preparation of [M(TTF-CN-X)(hfac)2] (M = CuII, NiII, 
CoII, MnII ) (X = heterocycle) (3.4 – 3.9) 
To a solution of the appropriate TTF-CN-X ligand in DCM, was added the M(hfac)2.XH2O salts. 
The solution was stirred at room temperature for 2 hr after which time pentane was added to 
precipitate the complexes. The solids were obtained by filtration, washed with pentane and air-
dried to afford the desired complexes. 
4.6.11 Synthesis of [NiII(L4)(hfac)2] (3.4) 
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One equivalent of the Ni(hfac)2 (50 mg, 0.106 mmol) was added to one equivalent of L4  (30 mg, 
0.095 mmol) in dry DCM (20 mL) under nitrogen. The colour of the solution turned from wine 
red to violet purple. The solution was left to stir for 2 h at room temperature. After 2 h of stirring, 
pentane (50 mL) was added to the flask and the solution was left overnight in the fridge. The 
resulting precipitate was collected by filtration, wash with pentane (20 mL) to give 3.4 as a 
purple solid. (30 mg, 30 % yield). Single crystals suitable for X-ray crystallography were grown 
via slow diffusion of hexane into a DCM solution of 3.4. 
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FT-IR (KBr) (cm-1): 3450(br), 1641(vs), 1593(m), 1556(m), 1510(m), 1466(m), 1444(m), 
1352(w), 1299(w), 1257(vs), 1215(s), 1194(s), 769(m), 673(m). 
UV-Vis (CH2Cl2) λ(nm): 312 (ε = 1491 M-1cm-1), 507 (ε = 137 M-1cm-1) 
FAB-MS: m/z = 785 [M+H]+, 10 %. 
4.6.12 Synthesis of [CuII(L5)2(hfac)2] (3.5) 
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One equivalent of Cu(hfac)2·2H2O (24.0 mg, 0.048 mmol) was added to a solution of two 
equivalents of (L5) (25.0 mg, 0.081 mmol) in dry DCM (15 mL) under nitrogen. The solution 
was stirred at room temperature for 4 h, during which time the color changed from red to purple 
red. After stirring, pentane (20 mL) was added to precipitate the complex. The solid was isolated 
by filtration, washed with pentane (20 mL) and air-dried to afford 3.5 as a red powder (20 mg, 
22 % yield). Small dark-red plates suitable for X-ray crystallography were grown via slow 
evaporation of a dichloromethane solution of 3.5 at room temperature. 
 FT-IR (KBr) (cm-1): 3403(br), 3228(br), 3061(br), 2922(br), 1651(s), 1587(m), 1531(m), 
1488(m), 1259(s), 1204(s), 1149(m), 793(m), 667(m).  
FAB-MS: m/z = 308 [M-Cu(hfac)2]+, 20%. 
UV-Vis (CH2Cl2) λ(nm): 320 (ε = 1466 M-1cm-1), 490 (ε = 222 M-1cm-1).  
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CHN analysis: calcd for C34H24F12CuN4O4S8 C, 37.02; H, 2.20; N, 5.07 %. Found C, 39.19; H, 
3.52 N, 2.84 % 
4.6.13 Synthesis of [MnII(L6)2(hfac)2] (3.6) 
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One equivalents of Mn(hfac)2·2H2O (40.0 mg, 0.085 mmol) was added to one equivalent of  
ligand L6 (25.0 mg, 0.079 mmol) in DCM (12 mL), and the solution was left to stirred at room 
temperature for 2 h.  After 2 h, pentane (100 mL) added to precipitate the complex. The solid 
was collected by filtration, washed with pentane (10 mL) and air-dried to afford complex 3.6 as a 
dark purple solid (20 mg, 40 % yield). Small dark-purple needles suitable for X-ray 
crystallography were grown via the liquid diffusion of hexane into a dichloromethane solution of 
3.6. 
FT-IR (KBr) (cm-1): 1645(s), 1571(s), 1533(m), 1496(m), 1411(m), 1321(m), 1253(m), 
1201(m), 1138(m), 844(m), 723(m), 792(m), 663(m), 640(m), 580(m). 
FAB-MS: m/z = 314 [M-Mn(hfac)2]+, 20%. 
UV-Vis (MeOH) λ(nm): 311 (ε = 8823 M-1cm-1), 520 (ε = 123 M-1cm-1) 
CHN analysis: calcd for C30H20F12MnN4O4S10  C, 32.64; H, 1.82; N, 5.07 %. Found C, 33.12; H, 
1.19 N, 5.38 % 
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4.6.14 Synthesis of [CoII(L6)2(hfac)2] (3.7) 
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The Co(II) complex 3.7 was prepared in the same way as complex 3.6 and isolated as a dark-
purple solid (40 mg, 50 % yield). Small purple needles suitable for X-ray crystallography were 
grown via liquid diffusion of hexane into a dichloromethane solution of 3.7. 
FT-IR (KBr) (cm-1): 3496(m), 3396(m), 2962(w), 2923(w), 1643(vs), 1535(m), 1481(m), 
1259(s), 1205(s), 1093(vs), 798(m), 669(m), 586(m), 526(m). 
FAB-MS: m/z = 314 [M-Co(hfac)2]+, 20% 
UV-Vis (DCM) λ(nm): 302 (ε = 7503 M-1cm-1), 529 (ε = 375 M-1cm-1). 
CHN analysis: calcd for C30H20CoF12N4O4S10·2CH2Cl2·1H2O  C, 29.66; H, 2.02; N, 4.32, % 
found C, 30.11; H, 1.21 N, 3.83 %  
4.7.15 Synthesis of [NiII(L6)2(hfac)2] (3.8) 
Following the same procedure used to prepare complex 3.6, complex 3.8 was isolated as a dark-
purple powder (30 mg, 30 % yield). Small dark-purple needles suitable for X-ray crystallography 
were grown via liquid diffusion of hexane into a dichloromethane solution of 3.8. 
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FT-IR (KBr) (cm-1): 1645(vs), 1560(m), 1535(m), 1481(m), 1438(m), 1404(m), 1326(s), 
1254(m), 1203(m), 1145(m), 845(m), 798(m), 675(m), 644(m). 
FAB-MS: m/z = 314 [M -Ni(hfac)2]+, 50% 
UV-Vis (MeOH) λ(nm): 315 (ε = 6540 M-1cm-1) 525 (ε = 102 M-1cm-1) 
CHN analysis: cald for C30H20F12N4NiO4S10 C, 32.52; H, 1.82; N, 5.06 found C, 32.41; H, 1.48; 
N, 4.82 
4.6.16 Synthesis of [CuII(L6)2(hfac)2] (3.9)  
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The Cu(II) complex 3.9 was prepared in the same manner as complex 3.6, and was isolated as a 
blue green solid. (25 mg, 25 % yield).  
FT-IR (KBr) (cm-1): 1641(s), 1560(s), 1535(m), 1481(s), 1454(s), 1405(s), 1326(s), 1254(vs), 
1203(m), 1145(vs), 805(m), 798(s), 710(m), 675(m), 630(m). 
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FAB-MS: m/z = 314 [M - Cu(hfac)2]+, 40 %. 
UV-Vis (DCM) λ(nm): 295 (ε = 3625 M-1cm-1), 505 (ε = 254 M-1cm-1). 
CHN analysis: Calcd for C30H20CuF12N4O4S10  C, 30.33; H, 1.02; N, 3.54 % Found C, 30.31; H, 
0.87; N, 3.65 %. 
4.6.17 Synthesis of [CoII(L7)2(hfac)2] (3.10) 
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One equivalent of Co(hfac)2·2H2O (55.0 mg, 0.116 mmol) was added to one equivalent of  
ligand L7 (30.0 mg, 0.096 mmol), in a dry 2:1 mixture of DCM/THF (15 mL) solvent, and the 
solution was left to stirred at room temperature for 2 h.  After 2 h, pentane (100 mL) added to 
precipitate the complex. The solid was isolated by filtration, washed with pentane (10 mL) and 
air dried to afford complex 3.9 as a purple solid (25 mg, 30 % yield).  
 
FT-IR (KBr) ν(cm-1): 3276(br), 3072(br), 2959(br), 2917(m), 2848(s), 1587(m), 1515(s), 
1396(br), 1259(m), 1016(m), 917(m), 796(m), 652(m). 
 
FAB-MS: m/z = 315 [M-Co(hfac)2]+, 25 %. 
 
UV-Vis (DCM) λ(nm): 256 (ε = 3625 M-1cm-1), 307 (ε = 2054 M-1cm-1), 509 ( ε = 65 M-1cm-1). 
 
CHN analysis: calcd for C19H15CoF12N3O7S5  C, 27.02; H, 1.79; N, 4.98 % Found C, 27.03;  
 
H, 1.40; N, 4.59 % 
 
277 
 
Chapter 5- References 
                                                             
1      Yakhmi, J. V. Bull. Mater. Sci. 2009, 32, 217. 
 
2      Miller, J. Adv. Mater. 2002, 14, 1105. 
3      Enoki, T.; Miyazaki, A. Chem. Rev. 2004, 104, 5449. 
4      Bruce, D. W.; OHare, D.; Walton, R. I. Molecular materials 2010 John Wiley and sons, Ltd. 
5      Miller, J. S.; Epstein, A. J. MRS. Bull. 2000, 25, 21.  
 
6      Housecroft, C. E.; Sharpe, A. G. Inorganic chemistry, first edition 2001 Pearson education                  
        limited. 
7      http://www.ndted.org/EducationResources/CommunityCollege/MagParticle/Physics/  
       Magnetic Matls.htm 
8      http://hyperphysics.phy-astr.gsu.edu/hbase/solids/ferro.html#c4 
9      Fehlhammer, W. P.; Fritz, M. Chem. Rev. 1993, 93, 1243. 
10    Griebler, W. D.; Babel, D.  Nuturforsch. 1982, 876, 832. 
11    Gadet, V.; Mallah, T.; Castro. I.; Verdaguer, M. J. Am. Chem. Soc. 1992, 114, 9214. 
12    Pilkington, M.; Gross, M.; Franz, P.; Biner, M.; Decurtins, S.; Stoeckli-Evans, H.; Neels, A.    
        J.  Solid State Chem. 2001, 159, 262.  
13    a) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer, M. Nature, 1995, 378, 701. b) 
       Beltran, L. M. C.; Long, J. R. Acc. Chem. Res. 2005, 38, 325. 
14    Holmes, S. M.; Girolami, G.S. J. Am. Chem. Soc. 1999, 121, 5593. 
15    Cafun, J.-D.; Champion, G.; Arrio, M.-A.; Moulin, C.C.D.; Bleuzen, A. J. Am. Chem. Soc.  
       2010, 132, 11552. 
16    Ohkoshi, S.; Fujishima, A.; Hashimoto, K. J. Am. Chem. Soc. 1998, 120, 5349. 
 
278 
 
                                                                                                                                                                                                    
17    Bleuzen, A.; Lomenech, C.; Escax, V.; Villain, F.; Varret, F.; Moulin, C.C.D.; Verdaguer.  
       M. J. Am. Chem. Soc. 2000, 122, 2000. 
18    Christou G.; Gatteschi, D.; Hendrickson, D.N.; Sessoli, R. MRS. Bull., 2000, 25, 66. 
 
19    Lis, T. Acta Cryst. 1980, B36, 2042. 
20    Sessoli, R.; Gatteshci, D.; Caneschi, A.; Novak, M.A. Nature 1993, 141, 365. 
21    Bian, G.-Q.; Kuroda-Sowa, T.; Gunjima, N.; Maekawa, M.; Munakata, M. Inorg. Chem.  
       Commun, 2005, 8, 208. 
22    O'Hare, D.; Bruce, D.; Walton, R. Molecular Materials, Wiley, West Sussex, 2010. 
23    a) Blagg, R. J.; Muryn, C.A.; McInnes, E. J. L.; Tuna, L.; Winpenny, R.E.P. Angew. Chem.,  
       Int. Ed. 2011, 60, 6530. b.) Lin, P.-H.; Burchell, T. J.; Clérac, R.; Murugesu, M. Angew.  
       Chem., Int. Ed. 2008, 47, 8848. c.) Hussain, B.; Savard, D.; Burchell, T. J.; Wernsdorfer,   
       W.; Murugesu, M. Chem. Commun. 2009, 1100. 
24     A. Caneschi, A.; Gatteschi, D.; Lalioti, N.; Sangregorio, C.; Sessoli, R.; Venturi, G.;     
        Vindigni, A.; Rettori, A.; Pini, M.G.; Novak, M.A. Angew. Chem., Int. Ed. Engl. 2001, 40,    
       1760. 
25    Clerac, R.; Miyasaka, H.; Yamashita, M; Coulon, C. J. Am. Chem. Soc., 2002, 124, 12837. 
26    Gatteschi, D.; Bogani, L.; Cornia, A.; Mannini, M.; Sorace, L.; Sessoli, R. Solid State  
       Science 2008, 10, 1701. 
27    Hao-Ling S. H.-L.; Wang, Z.M.; Gao, S. Coord. Chem. Rev. 2010, 254, 1081. 
28    Palacio, F.; Miller, J. S.  Nature 2000, 408. 
29    Halcrow, M. A. Chem. Soc. Rev. 2011, 40, 4119. 
30    Cambi, L.; Szego, L.;  Ber. Dtsch. Chem. Ges., 1931, 64, 2591.  
31    Brooker, S.;  Kitchen, J.A. Dalton Trans. 2009, 7331. 
279 
 
                                                                                                                                                                                                    
32    Real, J. A.; Gaspar, A. B.; Niel, V.; Munoz, M. C. Coord. Chem. Rev. 2003, 236, 121. 
33    Gutlich, P.; Goodwin, H. A. Spin Crossover in Transition Metal Compounds I, Springer- 
       Verlag, 2004. 
34    Krüger, H.-J. Coord. Chem. Rev. 2009, 253, 2450. 
35    Bousseksou, A.; Molnar, G.; Real, J. A.; Tanaka K. Coord. Chem. Rev. 2007, 251, 1822. 
36    Letard, J. F. J. Mater. Chem., 2006, 16, 2550. 
37    Decurtins, S.; Gütlich, P.; Köhler, C. P.; Spiering H.;  Hauser, A. Chem. Phys. Lett., 1984,  
       105, 1. 
38    Hauser, A. Chem. Phys. Lett., 1986, 124, 543. 
39    Kahn, O. Review 1996, 547. 
40    Buchen, T.; Giitlich, P.; Goodwin, H. A. Inorg. Chem. 1994, 33, 4573. 
41    Real, J. A.; Gaspar, A. B.; Virginie, N.; Munoz, M.C. Coord. Chem. Rev. 2003, 236, 121. 
42    Konig, E.; Madeja, K. Chem. Commun. 1967, 3, 61. 
43    Bradley, G.; McKee, V.; Nelson, S. M. J. Chem. Soc. 1978, 522. 
44    Larionova, J.;  Salmon, L.;  Guari, Y.;  Tokarev, A.;  Molvinger, K.; Molnar, G.;  
 
       Bousseksou, A. Angew. Chem. Int. Ed. 2008, 47, 8236. 
 
45    Matsuda, M.; Tajima, H. Chem. Lett. 2007, 36, 7000. 
 
46    a) Gaspar, A. B.; Seredyuk, M.; Gütlich. P. Coord. Chem. Rev. 2009. 253. 2399. b) Kahn, O;  
 
       Martinez, C. J. Science 1998, 274, 44. c) Matsuda, M.; Isozaki, H.; Tajima, H. Chem. Lett., 
 
       2008, 37, 374.  d) Muller, R. N.; Vander, E. L.; Laurent, S. J. Am. Chem. Soc., 2003, 125,  
 
       8405.   
 
47    Drew, M. G. B.; Othman, A. B.; McIlroy P. D. A.; Nelson, S.M. J.C.S. Dalton, 1977, 1173. 
48    Nelson, S. M.; Mcllroy, P. D. A.; Stevenson, C. S.; Konig, E.; Ritter, G.; Waigel, J. J. Chem.  
280 
 
                                                                                                                                                                                                    
       Soc. Dalton Trans. 1986, 991. 
49    Hayami, S.; Gu, Z.-Z.;  Einaga, Y.; Kobayasi, Y.;  Ishikawa, Y.; Yamada, Y.;  Fujishima, A.  
       Sato, O. Inorg. Chem. 2001, 40, 3240. 
50    Guionneau, P.; Gac, F.L; Kaiba, A; Costa, J. S.; Chasseau, D.; Letard, J-F., Chem. Commun.  
       2007, 3723. 
51    Bonhomeau, S.; Guillon, T.; Daku, L. M. L.; Demont, P.; Costa, J. S.; Letard, J.-F.; Molnar,  
       G.; Bousseksou, A. Angew. Chem. Int. Ed. 2006, 45, 1625 
52    Letard, J.-F.; Guionneau, P.; Goux-Capes, L. Top. Curr. Chem. 2004, 235, 221. 
53    Zhang, Y.Z.; Wang, B.-W.; Sato, O.; Gao, S. Chem. Commun. 2010, 46, 6959. 
54    Zhang, D.; Wang, H.; Chen, Y.;  Ni, Z.-H.; Tian, L.; Jiang, J. Inorg. Chem. 2009, 48, 5488. 
55    Paraschiv, C.; Andruh, M.;  Journaux, Y.; Zak, Z.; Kyritsakas,  N.; Ricard L. J. Mater.  
       Chem.  2006, 16, 2660. 
56    Bonadio, F.; Sena, M.-C.; Ensling, J.; Sieber, A.; Neels, A.; Stoeckli-Evans, H.; Decurtins,  
       S.  Inorg. Chem. 2005, 44, 969. 
57    Zhang, Y-Z.; Sato, O. Inorg. Chem. 2010, 49, 1271. 
58    Ichikawa, S.; Kimura, S.; Mori, H.; Yoshida, G.; Tajima, H.  Inorg. Chem. 2006, 42, 7575. 
59    Laurence D. B. Nature Mater. 2008, 7, 691. 
60    Crassous, J. Chem. Soc. Rev. 2009, 38, 830. 
 
61    Rikken, G. L. J. A.; Raupach, E. Nature 1997, 390, 493. 
62    Wagniere, G. H.; Meier, A. Chem. Phys. Lett. 1982, 93, 78. 
63    Coronado, E.; Gomez-Garcıa, C.J.; Nuez, A.; Romero, F.M.; Rusanov, E.; Stoeckli-Evans,  
       H. Inorg. Chem. 2002, 41, 4615. 
64    Galan-Mascaros, J. R.; Coronado, E.; Goddard, P.A.; Singleton, J.;  Coldea, A. I.; Wallis, J.  
281 
 
                                                                                                                                                                                                    
       D. Coles, S. J.; Alberola, A. J. Am. Chem. Soc. 2010, 132, 9271. 
65   Train, C.; Gheorghe, R.; Krstic, V., Lise-Chamoreau, L-M.;  Ovanesyan, N.; Rikken, G.  
       L. J. A.; Gruselle, M.; Verdaguer, M. Nature Mater. 2008, 7, 729 
66    Santiago Alvarez, A.;  Alemany, P.;  Avnir, D. Chem. Soc. Rev. 2005, 34, 313 
 
67    Sato, T.; Iijima, S.; Kojima, M.; Matsumoto, N. Chem. Lett. 2009, 38, 178. 
 
68    Sunatsuki, Y.; Ikuta, Y.; Matsumoto, N.; Ohta, H.; Kojima, M.; Iijima, S.; Hayami, S.;    
       Maeda, Y.; Kaizaki, S.; Dahan, F.; Tuchagues, J.-P. Angew. Chem. Int. Ed. 2003, 42, 1614. 
69    Coronado, E.; Galan-Mascaros J. R. J. Mater. Chem. 2005, 15, 66. 
70    Day, P.; Coronado, E. Chem. Rev. 2004, 104, 5419. 
71    Yamada, J.-ichi.; Sugimoto, T.; TTF Chemistry, Fundamentals and Applications of    
       Tetrathiafulvalene, Springer-Verlag, 2004.   
72    Coronado, E.; Galan-Mascaros, J. R. J. Mater. Chem. 2005, 15, 66. 
73    Coronado, E.; Gomez-Garcıa, C.J. Chem. Rev. 1998, 98, 273. 
74    Wudl, F.; Wobschall, D.; Hufnagel, E. J.  J. Am. Chem. Soc. 1972, 94, 671. 
75    Coleman, L. B.; Cohen, M. J.; Sandman, D. J.; Yamagishi, F. G.; Garito, A. F.; Ferraris, A.       
        J. Solid State Commun., 1973, 12, 1125. b) Ferraris, J.; Cowan, D. O.; Walatka, V.;           
        Perlstein, J. H. J. Am. Chem. Soc., 1973, 95, 948. 
76    Bryce, M. R. J. Mater. Chem. 2000, 10, 589. 
77    Herranz, M. A.  Phosphorus, Sulfur and Silicon 2005, 180, 1133. 
78    http://www.eie.gr/nhrf/institutes/tpci/researchteams/mspc/mspc-ld-orgconductors-en.html 
 
79    Batail, P.; Boubekeur, K.; Fourmigue, M.; Gabriel, J.C.P. Chem. Mater. 1998, 10, 3005. 
80    Moore A. J.; Bryce, M. R. Synthesis 1997, 407. 
282 
 
                                                                                                                                                                                                    
81    Ouahab, L.; Enoki, T. Eur. J. Inorg. Chem. 2004, 933. 
82    Ouahab, L. Coord. Chem. Rev. 1998, 178, 1501. 
83    Ouahab, L.; Enoki, T. Eur. J. Inorg. Chem. 2005, 835. 
84    Golhen, S.; Cador, O.; Ouahab, L. Top Organomet. Chem, 2009, 27, 55. 
85    Pedersen, H. J.; Scott, J.C.; Bechgaard, K. Solid State Commun. 1980, 35, 207. b) Pedersen,       
 H.J. Scott, J. C.; Bechgaard, K. Solid State Commun. 1980, 33, 1119. c) Bechgaard, K.;      
Carneiro, K.; Rasmussen, F. B.; Olsen, M.; Rindorf, G.; Jacobsen, C. S.; Pedersen, H. J.;    
Scott, J. C. J. Am. Chem. Soc. 1981, 103, 2440. 
86    Williams, J. M. Organic Superconductors, ed., Prentice Hall, Englewood Clis, NJ, 1992. 
87    Kobayashi, H.; Tomita, H.; Naito, T.; Kobayashi, A.; Sakai, F.; Watanabe, T.; Cassoux, P. J.  
       Am. Chem. Soc. 1996, 118, 368. 
88    Kobayashi, H.; Tanaka, H.; Ojima,  E.; Otsuka, H. F. T.; Kobayashi, A.; Tokumoto, M.;    
       Cassoux, P. Polyhedron, 2001, 201, 587. 
89    Kobayashi, H.; Sato, A.; Tanaka, H.; Kobayashi A., Cassoux P. Coord. Chem. Rev. 1999,   
       190,  921. 
90    Kobayashi, H.; Kobayashi, A.; Cassoux, P. Chem. Soc. Rev. 2000, 29, 325. 
91    Coronado, E.; Gomez-Garcıa, C. J. Chem. Rev. 1998, 98, 273. 
92    Clemente-Leon, M.; Coronado, E.; Galan-Mascaros, J. R.; Gimenez-Saiz, C.; Gomez-Garcý,    
       C. J.; Fernandez-Oterob, T. J. Mater. Chem. 1998, 8, 309. 
93    Coronado, E.; Curreli, S.; Gimenez-Saiz, C.; Gomez-Garcıa, C. J.; Alberola, A.; Canadell, E.                  
        Inorg. Chem. 2009, 48, 11314. 
94    Graham, A. W.; Kurmoo, M.;  Day, P.; J. Chem. Soc., Chem. Commun. 1995, 2061. 
95    Coronado, E.; Mascaros, J. R.G.; Garcia C. J. G.; Laukhin. V. Nature, 2000, 408, 447. 
283 
 
                                                                                                                                                                                                    
96    Chahma, M.; Wang, X. S.; van der Est, A. Pilkington, M. J. Org. Chem. 2006, 71, 2750. 
97    Polo, V.; Alberola, A.;  Andres, J.; Anthony, J  Pilkington, M. Phys. Chem. Chem. Phys.  
       2008, 10, 857. 
98    Ouahab, L.; Yagubskii, E. Organic Conductors, Superconductors and Magnets : from  
       Synthesis to Molecular Electronics New York, Kluwer Academic Publishers, 2004. 
99    Devic, T.; Rondeau, D.; Sahin, Y.; Levillain, E.; Clerac, R.; Batail, P.; Avarvar, N. Dalton  
       Trans. 2006, 1331. 
100   Golhen, S.; Cador, O.; Ouahab, L. Top Organomet. Chem. 2009, 27, 55. 
 
101   Ray, L.; Shatruk, M. Dalton Trans. 2010, 11105.  
102   Nagawa, T.; Zama, Y.; Okamoto, Y. Bull. Chem. Soc. Jpn. 1984, 57, 2035. 
103   Iwahori, F.; Golhen, S.; Ouahab, L.; Carlier, R.; Sutter, J.-P. Inorg. Chem. 2001, 40, 6541. 
104   Wang, L.; Zhang, B.; Zhang, J. Inorg. Chem. 2006, 45, 6860. 
105   Cosquer, G.; Pointillart, F.; Gal, Y. L.; Golhen, S.; Cador, O.; Ouahab, L. Dalton Trans.     
        2009, 3495. 
106   Ouahab, L.; Iwahori, F.; Golhen, S.; Carlier, R.; Sutter, J.-P. Synth. Met.  2003, 133, 505. 
107   Chahma, M.; Hassan, N.; Alberola, A; Evans, H. S.; Pilkington, M. Inorg. Chem. 2007, 46,    
       3807. 
108   Zhu, Q.-Y.; Bian, G.-Q.; Zhang, Y.; Dai, J.; Zhang, D.-Q.; Lu. W. Inorg. Chim. Acta. 2006,   
       359, 2303. 
109   Devic, T.; Rondeau, D.; Sahin, Y.; Levillain, E.; Clerac, R.; Batail, P.; Avarvar, N. Dalton   
       Trans., 2006, 1331. 
110   Liu, W.; Xiong, J.; Wang, Y.; Zhou, X.-H.; Wang, R.; Zuo, J.-L.; You, X.-Z.  
       Organometallics, 2009, 28, 755. 
284 
 
                                                                                                                                                                                                    
111    Benbellat, N.; Gavrilenko, K. S.; Gal, Y. L.; Cador, O.; Golhen, S.; Gouasmia, A.; Fabre, J.- 
       M.; Ouahab,  L. Inorg. Chem. 2006, 45, 6112. 
112   Dias, S. I. G.; Neves, A. I. S.; Rabaça, S.; Santos, I. C. Almeida, M.; Eur. J. Inorg. Chem.  
        2008, 4728. 
113  Gavrilenko, K. S.; Gal, Y. L.; Cador, O.; Golhen, S.; L. Ouahab. Chem. Commun. 2007, 280. 
114   Olivier, J.; Golhen, S.; Swietlik, R.; Cador, O.; Pointillart, F.; Ouahab, L. Eur. J. Inorg.                        
       Chem. 2009, 3282. 
115   Zhu, Q-Y; Liu, Y; Lu, Z-J; Wang, J-P; Huo, L-B; Qin, Y-R; Dai J. Synth. Met. 2010, 713. 
116  Sergey V. K.; Cador, O.; Pointillart, F.; Golhen, S.; Gal, Y. L.; Gavrilenko, K. S.; Ouahab, L.  
       J. Mater. Chem. 2010, 20, 9505. 
117   Pointillart, F.; Le Gal, Y.; Golhen, S.; Cador, O.; Ouahab, L. Inorg. Chem. 2008, 47, 9730. 
118  Keniley, L. K. Jr.; Ray, L.; Kovnir, K.; Dellinger, L.A.; Hoyt, J.A.; Shatruk, M. Inorg. Chem.  
       2010, 49, 1307. 
119   Pointillart, F.; Le Gal, Y.; Golhen, S.; Cador, O.; Ouahab, L. Chem. Commun., 2009, 3777. 
120   Pointillart, F.; Maury, O.; Le Gal, Y.; Golhen, S. Cador, O.; Ouahab, L. Inorg. Chem. 2009,  
       48, 7421. 
121   Ebihara, M.; Nomura, M.; Sakai, S.; Kawamura, T. Inorg. Chim. Acta 2007, 360, 2345. 
122   Narayan, T. C.; Miyakai, T.; Seki, S.; Dinca. M. J. Am. Chem. Soc. 2012, 134, 12932. 
123   Conlon, D. A.; Yasuda, N. Adv. Synth. Catal. 2001, 1, 343. 
124   Collinson, S. R.; Gelbrick, T.; Hursthouse, M. B.; Tucker, J. H. R. Chem. Commun. 2001,  
       555. 
125   Jain, S. L.; Bhattacharyya, P.; Milton, H. L.; Slawin, A. L. M.; Crayston, J. A.; Woollins, J.  
       D. J. Chem. Soc. Dalton Trans. 2004, 862. 
285 
 
                                                                                                                                                                                                    
126   Sigel, H.; Martin, R. B. Chem. Rev. 1982, 82. 385. 
127   Gudasi, K.; Vadavi, R.; Shenoy, R; Patil, M.; Patil, S.A.; Nethaji, M. Inorg. Chim. Acta 
       2005, 358, 3799. 
128   Maslak, P.S.; Sczepanski, J.J.; Pervez, M. J. Am. Chem. Soc. 1991, 113, 1062. 
129   Abe, M.; Inatomi, A.;  Hisaeda, Y. Dalton Trans. 2011, 40, 2289. 
130   Mishra, A.; Ali, A.; Upreti, S.; Gupta, R. Inorg. Chem. 2008, 47, 154. 
131   Qi, J.-Y.; Ma, H-X.; Li, X-J.; Zhou, Z-Y.; Choi, M.C.K.; Chan, A.S.C.; Yang, Q-Y. Chem.  
       Commun. 2003, 1294. 
132   Singh, A.P.; Ali, A. Gupta, R. Dalton Trans., 2010, 39, 8135. 
133   Morsali, A.; Ramazani, A.; Mahjoub, A.R. J. Coord. Chem., 56, 1555. 
134   Dwyer, A.N.; Grossel, M.C.; Horton. P.N. Supramol. Chem. 2004, 16, 405. 
 
135   Ray, M.; Ghosh, D.; Shirin, Z.; Mukherjee, R. Inorg. Chem. 1997, 36, 3568. 
 
136   Qin, Z.; Jennings, M.C.; Puddephatt, R. J. Inorg. Chem. 2003, 42, 1956. 
 
137   Chavez, F. A.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1997, 36, 6323. 
 
138   Marlin, D. S.; Olmstead, M. M.;  Mascharak, P. K. Inorg. Chem. 1999, 38, 3258. 
 
139   Jain, S. L.; Bhattacharyya, P.; Milton, H. L.; Slawin, A.M. Z.; Crayston, J.A.; Woollins, J.  
 
        D. Dalton trans. 2004, 863. 
 
140   Tzeng, B.-C.; Yeh, H.-T.; Wu, Y.-L.; Kuo, J.-H.; Lee, G.-H.; Peng, S.-M. Inorg. Chem.  
        2006, 45, 591. 
141   McArdle, C. P.; Jennings, M. C.; Vittal, J. J.; Puddephatt, R. J. Chem. Eur. J. 2001, 7, 3572. 
142   Tzeng, B.-C.; Chen, B.-S.; Lee, S.-Y.; Liu, W.-H.; Lee, G.-H.; Peng, S.-M. New J. Chem.   
        2005, 29, 1254. 
143   Tzeng, B.-C.; Chen, Y.-F.; Wu, C.-C.; Hu, C.-C.; Changa, Y.-T.; Chen. C.-K. New J. Chem.  
286 
 
                                                                                                                                                                                                    
        2007, 31, 202. 
144   Kumar, D. K.; Jose, D. A.; Dastidar P. Chem. Mater. 2004, 16, 2332. 
145   Tzeng, B.-C.; Chen, B.-S.;. Yeh, H.-T.; Leeb G.-H.; Peng, S.-M. New J. Chem. 2006, 30,  
       1087. 
146   Tzeng, B.-C.; Lu, Y.-M.; Lee, G.-H.; Peng, S.-M. Eur. J. Inorg. Chem. 2006, 45, 1698. 
147   Redmore, S. M.; Rickard, C. E. F.; Webb, S. J.; Wright, L. J. Inorg. Chem. 1997, 36, 4743. 
148   Irwin, M.; Kramer, T.; McGrady, J. E.; Goicoechea, J. M. Inorg. Chem. 2011, 50, 5006.      
        b.) Zheng, X.-Y.; Ye, L-Q.; Wen, Y.-H.; J. Mol. Struct. 2011, 987, 132. 
149   Mikuriya, M.; Yoshioka, D.; Handa, M.; Coord. Chem. Rev. 2006, 250, 2194  
       b.) Vukotic, V. N.; Loeb S. J. Chem. Eur. J. 2010, 16, 13630. 
150   Chen, Z.-L.; Xiong, W.; Zhang, Z.; Liang, F.-P.; Luo, B.-C. Trans. Met. Chem. 2010, 35,                      
        991. 
151   Pryor, K.E.; Shipps, W, G. Jr.; Skyler, D. A.; Rebek, J. Jr. Tedrahedron lett, 1998, 54, 4107.  
152   Song, P.; Li, Y.; He, B.; Yang, J.; Zheng, J.; Li. X. Microporous Mesoporous Mater. 2011,   
       142, 208. 
153   Jeazet, T.; Harold B.; Claudia, S.; Christoph, J.; Dalton Trans. 2012, 41,46. Wang, G.; Fu  
        X.; Huang, J.; Wu, C.; Wu, L.; Du, Q. Org. Electron 2011, 12, 1216. 
154   Modrow, A.; Zargarani, D.; Herges, R.; Stock, N. Dalton Trans. 2011, 40, 4217. 
155   a) Adarsh, N. N.; Parthasarathi, D.; Chem. Soc. Rev. 2012, 41, 3039. b) Madhusudan, B.;  
       Kumar, J. S.; Debdoot, H.; Abhinandan, R.; Sankar, C. D.; Horst, P.; Ennio, Z.;  
       Sudipta,  D. J. Inorg. Organomet. Polym Mater. 2013, 23, 325.  c.) LaDuca, R. L. Coord.  
        Chem. Rev. 2009, 253, 1759. 
156   Erxleben, A. Coord. Chem. Rev. 2003, 246, 203. 
287 
 
                                                                                                                                                                                                    
157   Irwin, M.; Kramer, T.; McGrady, J. E.; Goicoechea, J. M. Inorg. Chem. 2011, 50, 5006. 
158   a) Lin, Y-I.; Jr, S. A. L. Synthesis 1997, 345. b) Wang, J.; Slater, B.; Alberola, A.; Stoeckli-  
       Evans, H.; Razavi, F. S.; Pilkington, M. Inorg. Chem. 2007, 46, 4763.   
 159  Zhou, X.; Zhang, Z.; Li, B.; Yang, F.;  Peng, Y.; Li, G.; Shi, Z.;  Feng, S.; Jing L. New J.  
       Chem., 2013, 37, 425. 
160   Chen, X-D.; Wu, H.-F.; Zhao, X.-H.; Zhao, X.-J.; Du, M. Cryst Growth Des. 2007, 7, 125.  
161   http://www.imb-jena.de/ImgLibDoc/ftir/IMAGE_FTIR.html#Amide vibrations 
162   a) Terheiden, J.; Driessen,  W. L.; Groeneveld, W. L.; Trans. Met. Chem. 1980, 5, 346.   
        b) Chapman, R. L.; Vagg. R. S. Inorg. Chim. Acta, 1979, 33, 227. 
163   Gaspar, A. B.; Ksenofontov, V.; Seredyuk, M.; Gutlich, P. Coord. Chem. Rev. 2005, 249,     
        2661. 
164   Chavez, F. A.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1996, 35, 1410. 
165   Kumar, U.; Thomas, J.; Thirupathi, N. Inorg. Chem. 2010, 49, 62. 
166   Farinas, E.; Baidya, N.; Mascharak, P. K. Inorg. Chem. 1994, 33, 5970. 
167   Tuna, F.; Patron, L.; Riviere, E.; Boillot, M.-L.; Polyhedron, 2000, 19, 1643. 
168   Salles, F.; Maurin, G.; Serre, C.; Llewellyn, P.L.; Knoefel, C.; Choi, H. J.; Filinchuk,   
       Y.; Oliviero, L.; Vimont, A.; Long, J.R.;  Ferey, G. J. Am. Chem. Soc. 2010, 132,13782. 
169   Ozarowski, A.; Lee, H. M.;  Balch, A.L. J. Am. Chem. Soc., 2003, 125, 12606. 
170   Fujiwaba, M.; Matsushita, T.; Shona, T. Polyhedron 1984, 3, 1357. 
171    Desrochers, P. J.; Telser, J.; Zvyagin, S. A.; Ozarowski, A.; Krzystek, J.; Vicic, D. A.   
        Inorg. chem. 2006, 45, 8930. 
172   Jiang-T, Y.; Ying-S, H.; Shoei-S, L. J. Phys. Cond. Mat. 1990, 2, 5587. 
173   Saha, A.; Majumdar, P.; Goswami, S. J. Chem. Soc. Dalton Trans. 2000, 1703. 
288 
 
                                                                                                                                                                                                    
174   a) Scheuermayer, S.; Tuna, F.; Bodensteiner, M.; Scheer, M.; Layfield, R. A. Chem.  
       Commun, 2012, 48, 8087. b) Janczak, J.; Kubiak, R.; Sledz, M.; Borrmann, H.; Grin, Y.  
        Polyhedron 2003, 22, 2689. 
175   Brown, S. J.; Hudson, S. E.; Stephan, D. W.; Mascharak, P. K. Inorg. Chem. 1989, 28, 468. 
176   B. Bleaney and K.D. Bowers, Proc. Royal Soc. London, Ser. A, 1952, 214, 451. 
177   Marlin, D. S.; Olmstead, M. M.; Mascharak, P. K.  J. Mol. Struct., 2000, 554, 211. 
178   Chavez, F. A.; Nguyen, C. V.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem. 1996, 35,  
       6282. 
179   Zhao, F.-H.; Che, Y.-X.; Zheng, J.-M.  Inorg. Chem. 2012, 51, 486. 
180   a) Sheng-G, L.; Wei, L.; Yi-Zhi, L.; Xiao-Z, Y. Wuji Huaxue Xuebao 2005, 2, 543. 
        b.) Kalagouda, G. B.; Siddappa, P. A.; Ramesh V. S.; Rashmi V. S.; Manjula, P. S.  J.  
        Serb. Chem. Soc. 2006, 71, 529. 
181   Bastida, R.;  Blas, A.; Castro, P.; Fenton, D. E.;  Macías, A.; Rial, R.; Rodríguez, A.;  
       Rodríguez-B. T. J. Chem. Soc., Dalton Trans. 1996, 1493. 
182   Acha, R.T.; Wang, J.; Alberola, A.; Rawson, J.M.; Pilkington, M. Inorg. Chem. 2013,  
        submitted. 
183   O’Connor, C.J. Prog. Inorg. Chem. 1982, 29, 203. 
184   Hiller, W.; Strähle, J.; Datz, A.; Hanack, M.; Hatfield, W.E.; Haar, L.W.;  Gutlich, P.   
        J. Am. Chem. Soc. 1984, 106, 329. 
185   Gerloch, M.; Morgenstern-B, I.; Audiere, J.P. Inorg. Chem., 1979, 18, 3220 
186   N. Zarrabi, unpublished observations. 
187   Mash, E. A.; Nelson, K. A.; Deusen, S. V.;  Hemperly, S. B., Organic Syntheses, Coll. 1993,     
       8, 155. 
289 
 
                                                                                                                                                                                                    
188   Q. Wang, S. Venneri, N. Zarabbi and M. Pilkington 2012, manuscript in preparation. 
189   Gaspar, A. B.; Munoz, M. C.; Real, J. A. J. Mater. Chem., 2006, 16, 2522–2533. 
190   Brent Fultz, “Mössbauer Spectrometry”, in Characterization of Materials. Elton  
       Kaufmann, John Wiley, New York, 2011. 
191   Konig, E.; Ritter, G.; Dengler, J.; Nelson, S. M. Inorg. Chem. 1987, 26, 3582. 
192   Crosby, J.; Stoddart, J. F.; Sun, X. Q.; Venner, M. R. W. Synth.-Stutt., 1993, 141. 
193  Bartsch, R. A.; Cason, C. V.;  Czech B. P.; J. Org. Chem. 1989, 54, 857. 
194   João, I. C.; Pessoa, C.; Gonçalves, G.; Tomaz, I. J. Argent. Chem. Soc, 2009, 97, 151. 
195   Sharis Venneri Msc. Thesis 2011. 
196   Wang, Q.; Venneri, S.; Zarrabi, N.; Pilkington, M. 2013, manuscript in preparation. 
197   Hostettler, M.;  Törnroos, K. W.; Chernyshov, D.;  Vangdal, B.;  Bürgi, H.-B.  Angew  
       Chem. Int. Ed. 2004, 43, 4589. 
198   Wu, J.-C.; Liu, S.-X.; Keen, T. D.; Neels, A.; Mereacre, V.; Powell, A. K.; S. Decurtins,  
        Inorg. Chem. 2008, 47, 3452. 
199   Balandier, J.-Y.; Belyasmine, A.; Sallé, M. Eur. J. Org. Chem. 2008, 269. 
200   Garin, J.; Orduna, J.; Uriel, S.; Moore, A. J.; Wegener, S.; Yufit, D. S.; Howard, J. A. K.     
       Synthesis 1993, 4, 489. 
201   Garin, J.; Orduna, J.; Santiago, U.; Moore, A. J.; Bryce, M. R.; Wegener, S.; Yufit, D. S.;  
       Howard, A. K. J. Synthesis 1994, 489. 
202   Balandier, J.-Y.; Belyasmine, A.; Sallé, M. Eur. J. Org. Chem. 2008, 269. 
203   Setifi, F.; Ouahab, L.; Golhen, S.; Yoshida, Y.; Gunzi Saito. Inorg. Chem. 2003, 42, 1791 
204     Carlin, R.L. Magnetochemistry Springer-Verlag, Berlin, 1986. 
205   Mabbs F.E.; Machin, D.J. Magnetism and Transition Metal Complexes, Chapman Hall,     
290 
 
                                                                                                                                                                                                    
       London 1973.  
206  Sheldrick, G. M. Act. Cryst. Sec. A, 2008, 64, 112. 
 
207  Spek, A.L. Acta Cryst. 2009, D65, 148. 
 
208  Bruno, I. J.; Macrae, C. F.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;  
      Rodriguez- Monge, L.; Taylor, R.; Streek, J. V. D.; Wood, P. A. J. of Appl. Cryst. 2008, 466. 
209 Farrugia, L. J. J. Appl. Crys., 1997, 30, 565. 
210 Hunig, S; Wehner, I.  Synthesis, 1988, 345. 
211 Fallahpour, R. A.; Neuburger, M.; Zehnder, M. Polyhedron, 1999, 182, 445. 
212 Mash, E. A.; Nelson, K. A.; Deusen, S. V.;  Hemperly, S. B., Organic Syntheses, Coll. 1993,      
      8, 155. 
 
 
 
 
 
 
 
 
 
 
 
 
291 
 
                                                                                                                                                                                                    
Chapter 6 - Appendix 
Table  6.1.  Crystal data and structure refinement for L2·2DMF 
 
Empirical formula  C32 H30 N12 O6 S4 
Formula weight  806.96 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.7733(5) Å α = 97.465(2)°. 
 b = 13.6170(6) Å β = 90.093(2)°. 
 c = 15.1703(8) Å γ = 92.686(2)°. 
Volume 1794.95(16) Å3 
Z 2 
Density (calculated) 1.493 Mg/m3 
Absorption coefficient 0.341 mm-1 
F(000) 1032 
Crystal size 0.22 x 0.18 x 0.01 mm3 
Theta range for data collection 1.89 to 27.50°. 
Index ranges -11<=h<=11, -15<=k<=17, -19<=l<=19 
Reflections collected 30363 
Independent reflections 8159 [R(int) = 0.0301] 
Completeness to theta = 27.50° 98.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7461 and 0.6584 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8159 / 0 / 491 
Goodness-of-fit on F2 1.155 
Final R indices [I>2sigma(I)] R1 = 0.0672, wR2 = 0.1431 
R indices (all data) R1 = 0.0769, wR2 = 0.1476 
Largest diff. peak and hole 0.612 and -0.353 e.Å-3 
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Table 6.2.  Crystal data and structure refinement for L5 
  
Empirical formula                                  C12 H8 N2 S4 
Formula weight  308.44 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 12.4369(6) Å α = 90°. 
 b = 6.8894(4) Å β = 91.256(3)°. 
 c = 15.1673(9) Å γ = 90°. 
Volume 1299.26(12) Å3 
Z 4 
Density (calculated) 1.577 Mg/m3 
Absorption coefficient 0.711 mm-1 
F(000) 632 
Crystal size 0.24 x 0.10 x 0.09 mm3 
Theta range for data collection 1.64 to 28.43°. 
Index ranges -16<=h<=16, -9<=k<=9, -20<=l<=20 
Reflections collected 14004 
Independent reflections 3231 [R(int) = 0.0227] 
Completeness to theta = 28.43° 98.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9388 and 0.8456 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3231 / 0 / 163 
Goodness-of-fit on F2 1.120 
Final R indices [I>2sigma(I)] R1 = 0.0257, wR2 = 0.0695 
R indices (all data) R1 = 0.0310, wR2 = 0.0838 
Largest diff. peak and hole 0.447 and -0.232 e.Å-3 
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Table 6.3. Crystal data and structure refinement for L8 
 
Empirical formula  C9 H7 N5 S4 
Formula weight  313.48 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 10.7055(8) Å α = 90°. 
 b = 9.2242(6) Å β = 111.178(4)°. 
 c = 14.3461(14) Å γ = 90°. 
Volume 1320.99(18) Å3 
Z 4 
Density (calculated) 1.576 Mg/m3 
Absorption coefficient 0.688 mm-1 
F(000) 536 
Crystal size 0.6 x 0.1 x 0.07 mm3 
Theta range for data collection 2.06 to 33.95°. 
Index ranges -16<=h<=16, -14<=k<=14, -22<=l<=22 
Reflections collected 53886 
Independent reflections 5344 [R(int) = 0.0597] 
Completeness to theta = 33.95° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7467 and 0.6760 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5344 / 0 / 163 
Goodness-of-fit on F2 1.101 
Final R indices [I>2sigma(I)] R1 = 0.0376, wR2 = 0.1058 
R indices (all data) R1 = 0.0515, wR2 = 0.1265 
Largest diff. peak and hole 0.800 and -0.547 e.Å-3 
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Table 6.4.  Crystal data and structure refinement for [Cu2(L1)] 2.11 
 
Empirical formula  C42 H36 Cu2 N10 O4 
Formula weight  871.89 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c   
Unit cell dimensions a = 21.5397(15) Å α = 90°. 
 b = 14.5443(10) Å β = 127.339(2)°. 
 c = 14.477(2) Å γ = 90°. 
Volume 3605.9(6) Å3 
Z 4 
Density (calculated) 1.606 Mg/m3 
Absorption coefficient 1.241 mm-1 
F(000) 1792 
Crystal size 0.20 x 0.13 x 0.10 mm3 
Theta range for data collection 1.84 to 28.42°. 
Index ranges -28<=h<=26, -19<=k<=19, -19<=l<=17 
Reflections collected 11957 
Independent reflections 4506 [R(int) = 0.0385] 
Completeness to theta = 28.42° 99.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8859 and 0.7893 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4506 / 0 / 262 
Goodness-of-fit on F2 1.021 
Final R indices [I>2sigma(I)] R1 = 0.0451, wR2 = 0.1342 
R indices (all data) R1 = 0.0687, wR2 = 0.1544 
Largest diff. peak and hole 0.567 and -0.399 e.Å-3 
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Table 6.5.  Crystal data and structure refinement for [NiII(L4)(hfac)2] 3.4 
Empirical formula  C22 H10 F12 N2 Ni O4 S4 
Formula weight  781.27 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.3831(7) Å α = 81.410(3)°. 
 b = 11.2890(6) Å β = 67.615(3)°. 
 c = 13.0397(8) Å γ = 86.436(3)°. 
Volume 1397.39(15) Å3 
Z 2 
Density (calculated) 1.857 Mg/m3 
Absorption coefficient 1.108 mm-1 
F(000) 776 
Crystal size 0.24 x 0.22 x 0.01 mm3 
Theta range for data collection 1.70 to 28.39°. 
Index ranges -13<=h<=13, -15<=k<=15, -16<=l<=17 
Reflections collected 25555 
Independent reflections 6868 [R(int) = 0.0253] 
Completeness to theta = 28.39° 98.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9945 and 0.7745 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6868 / 0 / 406 
Goodness-of-fit on F2 1.027 
Final R indices [I>2sigma(I)] R1 = 0.0261, wR2 = 0.0631 
R indices (all data) R1 = 0.0299, wR2 = 0.0660 
Largest diff. peak and hole 0.511 and -0.468 e.Å-3 
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Table 6.6.  Crystal data and structure refinement for [CuII(L5)2(hfac)2] 3.5 
 
Empirical formula                                         C34 H18 Cu F12 N4 O4 S8 
Formula weight  1094.54 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.953(5) Å α = 107.764(13)°. 
 b = 12.324(5) Å β = 93.493(15)°. 
 c = 16.305(8) Å γ = 93.472(13)°. 
Volume 2084.9(16) Å3 
Z 2 
Density (calculated) 1.744 Mg/m3 
Absorption coefficient 1.023 mm-1 
F(000) 1094 
Crystal size 0.30 x 0.07 x 0.03 mm3 
Theta range for data collection 1.32 to 27.87°. 
Index ranges -14<=h<=14, -16<=k<=16, -20<=l<=21 
Reflections collected 24038 
Independent reflections 9501 [R(int) = 0.0943] 
Completeness to theta = 27.87° 95.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9700 and 0.7489 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9501 / 0 / 571 
Goodness-of-fit on F2 0.953 
Final R indices [I>2sigma(I)] R1 = 0.0573, wR2 = 0.1114 
R indices (all data) R1 = 0.1320, wR2 = 0.1458 
Largest diff. peak and hole 0.606 and -0.555 e.Å-3 
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Table 6.7.  Crystal data and structure refinement for [MnII(L6)2(hfac)2] 3.6 
 
Empirical formula                                          C30 H14 F12 Mn N4 O4 S10 
Formula weight  1097.99 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 12.1056(4) Å α = 61.885(2)°. 
 b = 13.9735(5) Å β = 71.331(2)°. 
 c = 14.8174(6) Å γ = 88.765(2)°. 
Volume 2069.18(13) Å3 
Z 2 
Density (calculated) 1.762 Mg/m3 
Absorption coefficient 0.920 mm-1 
F(000) 1094 
Crystal size 0.4 x 0.2 x 0.05 mm3 
Theta range for data collection 1.68 to 28.54°. 
Index ranges -16<=h<=16, -18<=k<=18, -19<=l<=19 
Reflections collected 33317 
Independent reflections 10233 [R(int) = 0.0431] 
Completeness to theta = 28.54° 97.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.5862 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10233 / 0 / 550 
Goodness-of-fit on F2 1.085 
Final R indices [I>2sigma(I)] R1 = 0.0408, wR2 = 0.0939 
R indices (all data) R1 = 0.0966, wR2 = 0.1277 
Largest diff. peak and hole 0.826 and -0.663 e.Å-3 
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Table 6.8. Crystal data and structure refinement for [CoII(L6)(hfac)2] 3.7 
 
Empirical formula  C30 H14 Co F12 N4 O4 S10 
Formula weight  1102.08 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n   
Unit cell dimensions a = 12.1870(5) Å α = 90°. 
 b = 23.5261(9) Å β = 90.897(3)°. 
 c = 14.0824(6) Å γ = 90°. 
Volume 4037.1(3) Å3 
Z 4 
Density (calculated) 1.813 Mg/m3 
Absorption coefficient 1.041 mm-1 
F(000) 2196 
Crystal size 0.30 x 0.10 x 0.06 mm3 
Theta range for data collection 2.19 to 28.39°. 
Index ranges -16<=h<=16, -31<=k<=30, -18<=l<=18 
Reflections collected 63298 
Independent reflections 9975 [R(int) = 0.0748] 
Completeness to theta = 28.39° 98.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6385 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9975 / 0 / 550 
Goodness-of-fit on F2 1.053 
Final R indices [I>2sigma(I)] R1 = 0.0415, wR2 = 0.0995 
R indices (all data) R1 = 0.0640, wR2 = 0.1095 
Largest diff. peak and hole 0.752 and -0.615 e.Å-3 
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Table 6.9 Crystal data and structure refinement for [NiII(L6)2(hfac)2] 3.8 
 
Empirical formula  C30 H14 F12 N4 Ni O4 S10 
Formula weight  1101.76 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 12.0370(12) Å α = 90°. 
 b = 23.514(2) Å β = 91.816(5)°. 
 c = 14.1972(15) Å γ = 90°. 
Volume 4016.3(7) Å3 
Z 4 
Density (calculated) 1.822 Mg/m3 
Absorption coefficient 1.103 mm-1 
F(000) 2200 
Crystal size 0.25 x 0.1 x 0.05 mm3 
Theta range for data collection 1.90 to 21.00°. 
Index ranges -11<=h<=12, -23<=k<=23, -14<=l<=14 
Reflections collected 117815 
Independent reflections 4148 [R(int) = 0.0701] 
Completeness to theta = 21.00° 96.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7455 and 0.6550 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4148 / 0 / 484 
Goodness-of-fit on F2 1.201 
Final R indices [I>2sigma(I)] R1 = 0.1036, wR2 = 0.2124 
R indices (all data) R1 = 0.1046, wR2 = 0.2129 
Largest diff. peak and hole 1.285 and -0.773 e.Å-3 
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Table 6.10. Crystal data and structure refinement for S,S (PhCH2OCH2)2-[Fe(N3O2)(CN)2] 
·2H2O 2.50 at 200 K  
Empirical formula  C33 H39 Fe N5 O5 
Formula weight  641.54 
Temperature  200(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 7.5843(6) Å α = 76.045(3)°. 
 b = 10.6128(10) Å β = 80.991(2)°. 
 c = 21.007(2) Å γ = 71.463(2)°. 
Volume 1549.9(2) Å3 
Z 2 
Density (calculated) 1.375 Mg/m3 
Absorption coefficient 0.536 mm-1 
F(000) 676 
Crystal size 0.20 x 0.07 x 0.03 mm3 
Theta range for data collection 2.01 to 30.85°. 
Index ranges -10<=h<=10, -14<=k<=15, -28<=l<=29 
Reflections collected 33992 
Independent reflections 16024 [R(int) = 0.0417] 
Completeness to theta = 30.85° 95.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7461 and 0.6679 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16024 / 9 / 814 
Goodness-of-fit on F2 1.096 
Final R indices [I>2sigma(I)] R1 = 0.0648, wR2 = 0.1435 
R indices (all data) R1 = 0.0847, wR2 = 0.1564 
Absolute structure parameter 0.164(17) 
Largest diff. peak and hole 0.568 and -0.589 e.Å-3 
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Table 6.11. Crystal data and structure refinement for S,S (PhCH2OCH2)2[Fe(N3O2)(CN)2]· 
2H2O 2.50 at 300 K  
Empirical formula  C33 H37 Fe N5 O5 
Formula weight  639.53 
Temperature  300(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group                                P1 
Unit cell dimensions a = 7.6279(9) Å α = 76.939(6)°. 
 b = 10.6208(13) Å β = 80.725(6)°. 
 c = 20.927(3) Å γ = 72.021(6)°. 
Volume 1563.2(3) Å3 
Z 2 
Density (calculated) 1.359 Mg/m3 
Absorption coefficient 0.531 mm-1 
F(000) 672 
Crystal size 0.20 x 0.07 x 0.03 mm3 
Theta range for data collection 2.01 to 25.00°. 
Index ranges -9<=h<=9, -12<=k<=12, -20<=l<=24 
Reflections collected 21748 
Independent reflections 8618 [R(int) = 0.0491] 
Completeness to theta = 25.00° 99.0 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8618 / 39 / 787 
Goodness-of-fit on F2 1.154 
Final R indices [I>2sigma(I)] R1 = 0.0702, wR2 = 0.1497 
R indices (all data) R1 = 0.0790, wR2 = 0.1556 
Absolute structure parameter 0.21(3) 
Largest diff. peak and hole 0.461 and -0.531 e.Å-3 
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Figure 6.1. 1H NMR spectrum of protected diol 2.44. 
 
 
 
Figure 6.2. 13C NMR spectrum of protected diol 2.44. 
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Figure 6.3. 13C NMR spectrum of deprotected diol 2.41 
 
 
Figure 6.4. 1H NMR spectrum of a mixture of 2.45 and 2.46. 
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Figure 6.5. 13C NMR spectrum of a mixture of 2.45 and 2.46. 
 
 
 
 
